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Preface 



No knowledge can be certain if it is not based upon mathematics. 

(Leonardo da Vinci, 1452-1519) 

Thinking is one of the greatest joys of humankind. 

(Galileo Galilei, 1564-1642) 

Now I think hydrodynamics is to be the root of all physical science, and is at 
present second to none in the beauty of its mathematics. 

(William Thomson (Lord Kelvin), 1824-1907) 



The present book contains the lecture notes of eight of the nine instructors at 
the short course Flow Control: Fundamentals and Practices, which was held 
in Cargese, Corsica, France, during the week 24-28 June 1996, and repeated 
at the University of Notre Dame, Indiana, 9-13 September 1996. Following 
the course week in Corsica, a 5-day workshop on the same topic was held. 
Selected papers from the workshop are scheduled to appear early 1998 special 
volume of the International Journal of Experimental Heat Transfer, Thermo- 
dynamics, and Fluid Mechanics. All three events were organized by Jean-Paul 
Bonnet of Universite de Poitiers, France, Andrew Pollard of Queen’s Univer- 
sity at Kingston, Canada, and Mohamed Gad-el-Hak of the University of 
Notre Dame, U.S.A. 

The abihty to actively or passively manipulate a flow field to effect a 
desired change is of immense technological importance, and this undoubtedly 
accounts for the fact that the subject is hotly pursued at present by more 
scientists and engineers than any other topic in fluid mechanics. The art of 
flow control is as old as prehistoric man, whose sheer perseverance resulted 
in the invention of streamlined spears, sickle-shaped boomerangs and fin- 
stabilized arrows. The German engineer Ludwig Prandtl pioneered the science 
of flow control at the beginning of the twentieth century. 

The potential benefits of realizing efficient flow control systems range from 
saving bilhons of dollars in fuel cost for land, air and sea vehicles to achieving 
economically/envirqnmentally more competitive industrial processes involv- 
ing fluid flows. The purpose of both the short course and the workshop was 
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to provide an up-to-date view of the fundamentals of some basic flows and 
control practices, which can be employed to produce needed effects. Under- 
standing of some basic mechanisms in free and wall-bounded turbulence has 
increased substantially in the last few years. This understanding suggests 
that taming of turbulence - the quintessential challenge in the fleld of flow 
control - is possible so as to eliminate some of its deleterious effects wiule 
enhancing others. 

The Mediterranean island ambiance was fabulous by all accounts, and the 
two events m Corsica attracted an international audience/participants about 
75 strong. The short course at Notre Dame was attended by 20 students, re- 
searchers and practicing engineers from academia, industry and the military. 
The events acted as for ums for presentation of current ideas and methods 
for effecting such control to achieve transition delay, separation prevention, 
drag reduction, lift augmentation, turbulence suppression, noise abatement, 
and heat and mass transfer (including combustion) enhancement, in both 
free-shear and wall-bounded flows. 

The present book, much like the short course, is intended for engineers, 
physicists and graduate students at universities and research laboratories, in 
government and industry, who have an interest in the physics and control 
of laminar, transitional and turbulent flows. The different contributions here 
are written in a clear, pedagogic style and are designed to attract newcomers 
to the field. A knowledge of basic fluid dynamics is assumed, and the book 
should help the reader in navigating through the colossal hterature available 
on flow control fundamentals and practices. 

The book is organized into nine chapters as follows. Mohamed Gad-el- 
Hak provides in Chapters 1 and 2 a broad introduction to flow control and 
its classical as well as modern developments. Gad-el-Hak maintams that the 
recent developments in chaos control, microfabrication and neural networks 
will make feasible, for future practical devices, efficient reactive control of tur- 
bulent flows where a distributed control input is optimally adjusted based on 
feedforward or feedback spatio-temporal measurements. In Chapter 3, Ron 
F. Blackwelder details the eddy structures in the near-waU region of bounded 
turbulent shear flows as well as their relationship to the momentum transfer, 
miidng and drag. Blackwelder suggests that transitional flows can be used 
as a model for near-waU turbulent flows and describes different control sce- 
narios utilizing suction and mechanical actuators. In the following chapter, 
Joel Delville, Laurent Cordier and Jean-Paul Bonnet illustrate the use of 
proper orthogonal decomposition for large-scale structure identification and 
control of turbulent shear flows. Pierre Perrier surveys the multiscale theo- 
retical, experimental and practical aspects of active flow control in Chapter 
5. In Chapter 6, Heinrich E. Fiedler discusses in great detail the principles, 
methods and possibilities of control of turbulent free-shear flows. Passive and 
active control of near-wall events in turbulent boundary layers, with partic- 
ular emphasis on roughness effects and phase randomization techniques, are 
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covered in Chapter 7 by Andrew Pollard. In Chapter 8, Edward Haile, Ohvier 
Delabroy, Daniel Durox, Erangois Lacas and Sebastien Candel describe ap- 
phcations of active control to optimize combustion system operations, with 
particular emphasis on strategies for reducing NOx and other pollutant emis- 
sion levels. Troy Shinbrot covers in the last chapter the control of low- and 
high-dimensional chaotic dynamical systems, and the potential for extending 
such control strategies to turbulent flows. 

Chih-Ming Ho of UCLA presented four lectures at the short course, deal- 
ing with the emerging field of microelectromechanical systems (MEMS) and 
their use for flow control. Unfortunately, a written version of Professor Ho’s 
contribution was not available in time for this book. Interested readers may 
look forward to a forthcoming article by Ho and Tai in the 1998 issue of the 
Annual Review of Fluid Mechanics. 

Hans Wolfgang Liepmann, my academic grandfather, wrote in a recent 
retrospective of the early days of research on boundary-layer transition (Ap- 
phed Mechanics Reviews, vol. 50, no. 2, pp. R1-R4, 1997): The importance 
of asking the right question is as obvious in principle as it is nebulous in 
research. Always present is the temptation to look for the key under the street 
light and not in the dark corner where it was lost. Indeed, in my opinion, 
much of the extensive turbulence research today follows this line and fails to 
address the real problems. How true those words of wisdom are to the field 
of flow control and especially to the difficult task of tammg turbulence. The 
editors of the present volume aspire for the right questions to be asked and 
for the answers to be sought even in the darkest corners. 

The course/ workshop organizers would like to acknowledge the financial 
support received from Aerospatiale, Centre d’Etudes Spatiales, CNRS and 
Ministere de la Defense, all of Prance, Queen’s University at Kingston and 
the CFD Society of Canada, University of Notre Dame, U.S.A., and the 
European Co mmuni ty on Flow Turbulence and Combustion (ERCOFTAC). 



Notre Dame, Indiana, USA 
October 1997 



Mohamed Gad-el-Hak 
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1 Introduction to Flow Control 



Mohamed Gad-el-Hak 

University of Notre Dame, Notre Dame, Indiana 46556, U.S.A. 



Abstract. The subject of flow control is broadly introduced in this first chapter, 
leaving much of the details to the subsequent chapters of the book. The abihty 
to actively or passively manipulate a flow field to effect a desired change is of im- 
mense technological importance, and this undoubtedly accounts for the fact that 
the subject is more hotly pursued by scientists and engineers than any other topic 
in fluid mechanics. In this chapter classical tools of flow control are emphasized, 
leaving the more modern strategies to the following chapter. Methods of control to 
achieve transition delay, separation postponement, lift enhancement, drag reduc- 
tion, turbulence augmentation, or noise suppression are considered. The treatment 
is tutorial at times, making the material accessible to the advanced graduate stu- 
dent in the field of fluid mechanics. Emphasis is placed on external boundary-layer 
flows although appHcabihty of some of the methods reviewed for internal flows will 
be mentioned. An attempt is made to present a unified view of the means by which 
different methods of control achieve a variety of end results. Performance penalties 
associated with a particular method such as cost, complexity, or trade-off will be 
elaborated. 



1 What Is Flow Control 

Before we get started it might be a good idea to explain what is meant by 
flow control. The topic as discussed in this book is not related to flowrate 
control via manual or automatic valves. Rather it is the attempt to favorably 
alter the character or disposition of a flow field that is of concern to us 
here. Many definitions for the topic exist, and some differentiate between 
flow control and flow management (e.g., Fiedler’s article in this volume). My 
favorite definition was offered by Flatt in 1961 as applied to wall-bounded 
flows, but could easily be extended to free-shear flows. Boundary layer control 
includes any mechanism or process through which the boundary layer of a 
fluid flow is caused to behave differently than it normally would were the flow 
developing naturally along a smooth straight surf ace. Prandtl (1904) pioneered 
the modern use of flow control in his epoch-making presentation to the third 
International Congress of Mathematicians held at Heidelberg, Germany. In 
just 8 pages (as required for acceptance by the Congress) of a paper entitled 
“tiber Fliissigkeitsbewegung bei sehr kleiner Reibung,” Prandtl introduced 
the boundary layer theory, explained the mechanics of steady separation, 
opened the way for understanding the motion of real fluids, and described 
several experiments in which the boundary layer was controlled. 
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Prandtl (1904) used active control of the boundary layer to show the great 
influence such a control exerted on the flow pattern. He used suction to delay 
boundary-layer separation from the surface of a cylinder. Notwithstanding 
Prandtl’s success, aircraft designers in the three decades following his con- 
vincing demonstration were accepting hft and drag of airfoils as predestined 
characteristics with which no man could or should tamper (Lachmann, 1961). 
This predicament changed mostly due to the German research in boundary 
layer control pursued vigorously shortly before and during the Second World 
War. In the two decades following the war, extensive research on laminar 
flow control, where the boundary layer formed along the external surfaces of 
an aircraft is kept in the low-drag laminar state, was conducted in Europe 
and the United States, culminating in the successful flight test program of 
the X-21 where suction was used to delay transition on a swept wing up to a 
chord Reynolds number of 4.7 x 10^. The oil crisis of the early 1970s brought 
renewed interest in novel methods of flow control to reduce skin-friction drag 
even in turbulent boundary layers. In the 1990s, the need for supermaneu- 
verable flghter planes, faster and quieter underwater vehicles, and hypersonic 
transport (e.g., the U.S. National Aerospace Plane) provides new challenges 
for researchers m the field of flow control. 

The major goal of this chapter is to broadly introduce the subject and to 
present a unified view of the different control methods to achieve a variety 
of end results. At times, the treatment of the subject matter is pedagogical 
and is designed to attract newcomers to the field. Emphasis is placed on 
external boundary-layer flows. The same vorticity considerations brilhantly 
employed by Lighthill (1963) to place the boundary layer correctly in the flow 
as a whole is used to explain many of the flow control techniques reviewed in 
here. 



2 Five Eras of Flow Control 

Flow control involves passive or active devices to effect a beneficial change 
in wall-bounded or free-shear flows. Whether the task is to delay/advance 
transition, to suppress/enhance turbulence or to prevent/provoke separation, 
useful end results include drag reduction, hft enhancement, mixing augmen- 
tation and flow-induced noise suppression. Broadly, there are perhaps five 
distinct eras in the development of the art and science of this challenging 
albeit very useful field of research and technology: The empirical era (prior 
to 1900); the scientific era (1900-1940); the World War II era (1940-1970); 
the energy crisis era (1970-1990); and the 1990s and beyond. The art of flow 
control probably has its roots in prehistoric times when streamlined spears, 
sickle-shaped boomerangs, and fin-stabihzed arrows evolved empirically by 
archaic Homo sapiens. Modern man also artfully apphed flow control meth- 
ods to achieve certain technological goals. Relatively soon after the dawn of 
civilization and the establishment of an agriculture way of life 8,000 years 
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ago, complex systems of irrigation were built along inhabited river valleys to 
control the water flow, thus freeing man from the vagaries of the weather. 
For centuries, farmers knew the value of windbreaks to keep top soil in place 
and to protect fragile crops. 

The science of flow control originated with Prandtl (1904), who introduced 
the boimdary layer theory, explained the physics of the separation phenomena 
and described several experiments in which a boundary layer was controlled. 
Thus the birth of the scientific method to control a flow field. Slowly but 
surely, the choice of flow control devices is no longer a trial and error feat, 
but physical reasoning and even first principles are more often than not used 
for rational design of such artifacts. 

Stimulated by the Second World War and the subsequent cold war, that 
trend accelerated significantly during the third era (1940-1970). Military 
needs of the superpowers dictated the development of fast, highly maneu- 
verable, efficient aircraft, missiles, ships, submarines and torpedoes, and flow 
control played a major role in achieving these goals. Natural laminar flow, 
laminar flow control and polymer drag-reduction are notable achievements 
during this era. Partial summaries of flow control research during this period 
are contained within the books edited by Lachmann (1961) and Wells (1969). 

The energy crises exemplified by the 1973 Arab oil embargo brought about 
a noticeable shift of interest from the mihtary sector to the civihan one. 
During the period 1970-1990, government agencies and private corporations 
aroimd the world but particularly in the industriahzed countries invested 
valuable resources searching for methods to conserve energy, and hence drag 
reduction for civihan air, sea and land vehicles, for pipelines and for other 
industrial devices was emphasized. The availability of fast, inexpensive com- 
puters made it possible to simulate nmnerically complex flow situations that 
have not been approachable analytically. Some control strategies, for example 
transition-delaying compliant coatings (Gad-el-Hak, 1996a), were rationally 
optimized using computational fluid dynamics. Large-eddy breakup devices 
(LEBUs) and riblets are examples of control methods developed during this 
period to reduce skin-friction drag in turbulent boundary layers. Good sources 
of information on these and other devices introduced during the fourth era are 
the books edited by Hough (1980), Bushnell and Heftier (1990), and Barnwell 
and Hussaini (1992). Numerous meetings devoted to flow control, particularly 
drag reduction, were held during this period. Plentiful fuel supplies during 
the 1990s and the typical short memory of the long gas lines during 1973 
have, unfortunately,, somewhat dulled the urgency and enthusiasm for energy 
conservation research as well as practice. 

For the 1990s and beyond, more complex reactive control devices, geared 
specifically towards manipulating the omnipresent coherent structures in 
transitional and turbulent shear flows (Cantwell, 1981; Robinson, 1991), are 
pursued by several researchers. Theoretical advances in chaos control and 
developments of microelectromechanical systems (MEMS) and neural net- 
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works should help such efforts. Papers specifically addressing reactive control 
strategies include those by Wilkinson (1990), Moin and Bewley (1994), and 
Gad-el-Hak (1994; 1996b). Reactive flow control is emphasized in the fol- 
lowing chapter of this book. All five eras of flow control are seen from the 
perspective of the history of the universe depicted in Figure 1. 



3 Governing Equations 



There is no doubt that rational design, i.e. based on first principles, of flow 
control devices is always preferable than a trial and error approach. That 
of course is not always possible due to the extreme complexity of the equa- 
tions involved, but one tries either analytically or, more commonly to date, 
numerically. The proper first principles for flow control are those for fluid 
mechanics itself. The principles of conservation of mass, momentum and en- 
ergy govern aU fluid motions. In general, a set of partial, nonlinear diSerential 
equations expresses these principles, and together with appropriate bound- 
ary and initial conditions constitute a weU-posed problem. It is of course 
beyond the scope of this chapter to derive these equations and the reader 
is referred to any advanced textbook in Fluid Dynamics (Batchelor, 1967; 
Hinze, 1975; Landau and Lifshitz, 1987; Kays and Crawford, 1993; Panton, 
1996). The equations are first recalled in as general a form as possible. This 
approach will become particularly useful when discussing high-speed flows, 
surface heatmg/cooling (viscosity varies spatially), drag-reducing polymers 
(non-Newtonian fluid), and other nonconventional situations. For a contin- 
uum fluid, the continuity equation, Newton’s second law, and thermal energy 
equation read in Cartesian tensor notation 



dp d 
dt ^ dxk 



{puk) = Q 



P 



dui dui 

dt ^ dxk 
de de 

dt^'^k 



dUki 

dxk 

dqk 



dxk 



+ P9i 



^ki 



dUj 

dxk 



( 1 ) 

( 2 ) 

(3) 



In the above equations, p is the density, Ui is an iostantaneous velocity com- 
ponent {u,v,w), Eki is the second-order stress tensor, gi is the body force 
per unit mass, e is the internal energy per unit mass, and qi is the heat flux 
vector. The independent variables are time t and the three spatial coordinates 
xi, X 2 and X 3 or (ar,y, z). 

Absent any body couples, the stress tensor is symmetric having only six 
independent components, which leaves 14 miknowns in the five Equatioos 
(1)— (3). To close these equations, relation between the stress tensor and de- 
formation rate, relation between the heat flux vector and the temperature 
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field, and appropriate equations of state, relating the different thermody- 
namic properties, are needed. For a Newtonian, isotropic, Fourier,^ ideal gas, 
for example, these relations read 



^ki P^ki “t~ p 

dT 



duj 

dxh 



duk 

dxi 



(jcCo 



Ski 



Qi = -K 
de 



dxi 

Cy dT 



and 



p = plZT 



( 4 ) 

( 5 ) 

( 6 ) 



where p is the thermodynamic pressure, p and A are the first and second 
coefficients of viscosity, respectively, 6ki is the unit second-order tensor (Kro- 
necker delta), k is the thermal conductivity, T is the temperature field, is 
the specific heat at constant volume, and TZ is the gas constant. The Stokes’ 
hypothesis relates the first and second coefficients of viscosity, A + = 0, 

although the validity of this assumption has occasionally been questioned 
(Gad-el-Hak, 1995). With the above constitutive relations. Equations (l)-(3) 
now read 



dp ^ ^ ^ 



dui dui A 

dxk J 



pCy 



dT dT\ 
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dp 

dxi 

d 

dxk 

d 

dxk 



+ 






duj ^ duk 
dxk dxi 



+ Ski^-K — 
dx 



+ P9i 



jj 



dT\ 






( 7 ) 

( 8 ) 
( 9 ) 



where 4> is the always positive dissipation function expressing the irreversible 
conversion of mechanical energy to internal energy as a result of the defor- 
mation of a fluid element. The viscous dissipation is given by 



, _ 1 f dui , dukY 

2 ^ dxi ) 



+ A 




(10) 



There are now six unknowns, p,ui,p and T, and the five coupled Equations 
(7)-(9) plus the equation of state relating pressure, density and temperature. 
These six equations together with sufficient number of initial and boundary 
conditions constitute a weU-posed, albeit formidable, problem. 

^ Newtonian implies a linear relation between the stress tensor and the sj mmne trie 
part of the deformation tensor (rate of strain tensor). The isotropy assumption 
reduces the 81 constants of proportionality in that linear relation to two con- 
stants. Fourier fluid is that for which the heat flux vector is linearly related to 
the temperature gradient, and again isotropy implies that the constant in this 
relation is a single scalar. 




1 Introduction to Flow Control 



7 



Considerable simplification is achieved if the fluid is assumed incompress- 
ible, usually a reasonable assumption provided that the characteristic flow 
speed is less than 0.3 of the speed of sound. The (constant) density is as- 
sumed given and the governing equations for such fluid are 



dttfc 

dxu 



= 0 



pCy 



dui 


dui\ 
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dt 


+ Uk^] 

dxkj 
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dt 


T 0 
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dxk \ 





/ duj ^ dtXfcV 






+ P9i 



( 11 ) 

(12) 

(13) 



These are five equations for the five dependent variables p and T. Note 
that the system of equations (11)-(13) is coupled if either the viscosity or 
density depends on temperature, otherwise the energy equation is uncoupled 
from the continuity and momentmn equations and can therefore be solved 
after the velocity and pressure fields are determined. 

In nondimensional form, the incompressible flow equations read 



duk 

dxk 



= 0 





fdT dT\ 

V di ^ dxk J 



dp 

dxi 

d 

dxk 

d 

dxk 



+ 



F^{T) / duj ^ duk 
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Re 
1 dT\ 
Pe dxk ) 






)+|^F.(T)^* 



(14) 



(15) 

(16) 



where Fj, (T) is a dimensionless function that characterizes the viscosity 
variation with temperature, and Re, Gr, Pe and Ec are, respectively, the 
Reynolds, Grashof, Peclet and Eckert numbers. These dimensionless param- 
eters determine the relative importance of the different terms in the equations. 

All the field equations recited thus far are vahd at aU points in space and 
time, and can be used for either laminar or turbulent flows. Three forms of 
the equations of motion are particularly usefiil to flow control; the x, y and 2 : 
momentum equations written at the wall, the integral form of the differential 
equations, and, for turbulent flows, the ensemble average of the instantaneous 
equations. Those forms will be given in the next three subsections. 



3.1 Equations of Motion at the Wall 

In wall-bounded flows, the streamwise {x) and spanwise (z) momentum equa- 
tions written at the wall give very useful expressions of the wall fluxes of, re- 
spectively, the spanwise and streamwise vorticity. For an incompressible fluid 
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over a non-moving wall, the streamwise, normal and spanwise momentum 
equations, written at ?/ = 0, read 



pv^ 



du 

dy 



dp 

+ 

y=0 OX 



y=o 



dp 

dy 
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dp 



y=o 



d'^u 

y=0 ^ dy^ 

dP-v 



du 
y=o dy 

— 0 = p 



y=0 



y=o 



dw 


dp 




dp 


dw 


d^w 
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y=0 dz 


y=0 


dy 


y=o dy 


y=0 ^ dy“^ 



(17) 

(18) 
(19) 



These equations are instantaneous and are vahd for both laminar and turbu- 
lent flows. Here, is the (positive) injection or (negative) suction velocity 
through the wall. Upward or downward motion of the wall act analogously 
to injection or suction. The right hand side of each of the three equations 
represents the curvature of the corresponding velocity profile, which in the 
case of the streamwise/spanwise equation is the same as the flux of span- 
wise/streamwise vorticity from the wall. Negative curvature imphes that the 
velocity profile is fuller and that the wall is a source (positive flux) of vortic- 
ity. Whether the wall is a source or a sink of spanwise/streamwise vorticity, 
depends on whether fluid is sucked or injected from the wall, whether the 
streamwise/spanwise pressure gradient is favorable or adverse, and whether 
the wall viscosity is lower or higher than that above the surface. For a canon- 
ical turbulent flow, the instantaneous velocity profiles in all three directions 
change shape continuously as a result of the random changes in the pressure 
field. 



3.2 The Karman Integral Equation 

The next usefiil equation results from integrating in the normal direction 
(from the wall to the edge of the shear layer) and comb ining the continuity 
and streamwise momentum equations. The result is known as the Karm&i 
integral equation. For a two-dimensional (or axisymmetric) wall-bounded flow 
of a compressible fluid, this equation reads 

2 



Similar integral relations can be derived from the kinetic energy and thermal 
energy differential equations. In the momentum integral equation, the skin- 
friction coefficient, the displacement thickness and the momentum thickness 
are given by, respectively, 

^ ~ - p 

2 Hoo ^co 
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Also, R is the transverse radius of curvature of the body of revolution (the 
corresponding term in Equation (20) drops for a two-dimensional flow), poo 
and C/oo are the density and velocity outside the boundary layer, respectively, 
Pw and Ww are the density and normal velocity of fluid injected (or sucked) 
through the surface, and is the shear stress at the wall. 

Since the skin-friction coefficient in the momentum integral equation is 
de fine d in ter ms of the shear stress and not in terms of the velocity gradient 
at the wall, theKarman equation is, in fact, vahd for both laminar and turbu- 
lent flows as well as for both Newtonian and non-Newtonian fluids; the only 
assumptions being made are that the flow is two-dimensional (or axisymmet- 
ric) in the mean. In case of a turbulent flow, the mean streamwise velocity, 
U{t,x,y) is used in the deflnition of 6* and 6e. For a Newtonian fluid 






du 

dy 



y=0 



(24) 



3.3 Turbulent Flows 

All the equations thus far are valid for nonturbulent as well as turbulent 
flows. However, in the latter case the dependent variables are in general ran- 
dom functions of space and time. No straightforward method exists for ob- 
taining stochastic solutions of these nonlinear partial differential equations, 
and this is the primary reason why turbulence remains as the last great un- 
solved problem of classical physics. The recent attempts to use dynamical 
syste ms theory to study turbulent flows has not yet reached fruition espe- 
cially at Reynolds numbers far above transition (Aubry et al., 1988), although 
advances in this theory have helped some with reducing and displaying the 
massive bulk of data resulting from numerical and experimental simulations 
(Sen, 1989). The brute-force numerical integration of the equations using the 
supercomputer is prohibitively expensive at practical Reynolds numbers. For 
the present at least, a statistical approach, where a temporal, spatial or en- 
semble average is deflned and the equations of motion are written for the 
various moments of the fluctuations about this mean, is the only route avail- 
able to get meaningfifl engineering results. Unfortunately, the nonlinearity 
of the Navier-Stokes equations guarantees that the process of averaging to 
obtain moments results in an open system of equations, where the number 
of unknowns is always greater than the number of equations, and more or 
less heuristic modeling is used to close the equations. This is known as the 
closure problem, and again makes obtaining first-principle solutions to the 
(averaged) equations of motion impossible. 
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To illustrate the closure problem, we consider the momentum equation 
for an incompressible fluid, Equation (12). As was first done by Osborne 
Reynolds over a century ago, all the field variables are decomposed into a 
mean and a fluctuation. Let ui = Ui + andp = P+p', where Ui and P are 
ensemble averages for the velocity and pressure, respectively, and u[ and p' 
are the velocity and pressure fluctuations about the respective averages. Note 
that temporal or spatial averages could be used in place of ensemble average 
if the flow field is stationary or homogeneous, respectively. In the former 
case, the time derivative of any statistical quantity vanishes. In the latter, 
averaged functions are independent of position. Substituting the decomposed 
pressure and velocity into (12), the equation governing the mean velocity for 
a Newtonian, incompressible, constant-viscosity, turbulent flow become 



P 





dP d f dUj 
dxi dxk \ dxk 



pUiUk 



J 



+ P9i 



(25) 



This equation is written in a form that facflitates the physical interpreta- 
tion of the turbulent stress tensor (Reynolds stresses), —pUiUk, as additional 
stresses on a fluid element to be considered along with the conventional vis- 
cous stresses and pressure. An equation for the components of this tensor may 
be derived but it will contain third-order moments such as UiUjUk, and so on. 
The equations are closed by expressing the second- or third-order quantities 
in terms of the first- or second-moments, respectively. For a review of these 
first- and second-order closure schemes see Lumley (1983; 1987). 



4 Unifying Principles 

A particular control strategy is chosen based on the kind of flow and the 
control goal to be achieved. Flow control goals are strongly interrelated, and 
there are several different ways for classifying control strategies to achieve a 
desired effect. Presence or lack of walls, Reynolds and Mach numbers, and the 
character of the flow instabihties are all important considerations for the type 
of flow to be controlled. These issues are discussed in turn in the following 
five subsections. 



4.1 Control Goals and Their Interrelation 

Section 4.3 will contrast free-shear and wall-bounded flows. For the purposes 
of the present section, we focus on the latter particularly the technologi- 
cally very important boundary layers. An external wall-bounded flow, such 
as that developing on the exterior surface of an aircraft or a submarine, can 
be manipulated to achieve transition delay, separation postponement, lift in- 
crease, skin-friction and pressure^ drag reduction, turbulence augmentation, 

^ Pressure drag includes contributions from flow separation, displacement effects, 
induced drag, wave drag, and, for time-dependent flows, virtual mass. 
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heat transfer enhancement, or noise suppression. These objectives are not 
necessarily mutually exclusive. Figure 2 is a schematic representation of the 
interrelation between one control goal and another. To focus the discussion 
further, think of the flow developing on a hfting surface such as an aircraft 
wing. If the boundary layer becomes turbulent, its resistance to separation 
is enhanced and more lift could be obtained at increased incidence. On the 
other hand, the skin-friction drag for a laminar boundary layer can be as 
much as an order of magnitude less than that for a turbulent one. If tran- 
sition is delayed, lower skin friction as well as lower flow-induced noise are 
achieved. However, the laminar boundary layer can only support very small 
adverse pressure gradient without separation and subsequent loss of lift and 
increase in form drag occur. Once the laminar boundary layer separates, a 
free-shear layer forms and for moderate Reynolds numbers transition to tur- 
bulence takes place. Increased entrainment of high-speed fluid due to the 
turbulent mixin g may result in reattachment of the separated region and 
formation of a laminar separation bubble. At higher incidence, the bubble 
breaks down either separating completely or forming a longer bubble. In ei- 
ther case, the form drag increases and the lift-curve’s slope decreases. The 
ultimate goal of all this is to improve the airfoil’s performance by increasing 
the lift-to-drag ratio. However, induced drag is caused by the hit generated 
on a hfting surface with a flnite span. Moreover, more lift is generated at 
higher incidence but form drag also increases at these angles. 

All of the above points to potential conflicts as one tries to achieve a 
particular control goal only to adversely affect another goal. An ideal method 
of control that is simple, inexpensive to build and operate, and does not have 
any trade-off does not exist, and the skilled engineer has to make continuous 
compromises to achieve a particular design goal. 



4.2 Classification Schemes 

There are different classification schemes for flow control methods. One is to 
consider whether the technique is applied at the wall or away from it. Surface 
parameters that can influence the flow include roughness, shape, curvature, 
rigid-wall motion, compliance, temperature, and porosity. Heating and cool- 
ing of the surface can influence the flow via the resulting viscosity and density 
gradients. Mass transfer can take place through a porous wall or a wall with 
slots. Suction and injection of primary fluid can have significant effects on the 
flow field, influencing particularly the shape of the velocity profile near the 
wall and thus the boundary layer susceptibihty to transition and separation. 
Different additives, such as polymers, surfactants, micro-bubbles, droplets, 
particles, dust or fibers, can also be injected through the surface in water 
or air wall-bounded flows. Control devices located away from the surface can 
also be beneficial. Large-eddy breakup devices (also called outer-layer devices, 
or OLDs), acoustic waves bombarding a shear layer from outside, additives 
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Fig. 2. Interrelation between flow control goals 



introduced in the middle of a shear layer, manipulation of freestream turbu- 
lence levels and spectra, gust, and magneto- and electro-hydrodynamic body 
forces are examples of flow control strategies apphed away from the wall. 

A second scheme for classifying flow control methods considers energy ex- 
penditure and the control loop involved. As shown in the schematic in Figure 
3, a control device can be passive, requiring no auxihary power, or active, 
requiring energy expenditure. As for the action of passive devices, some pre- 
fer to use the term flow management rather than flow control (Fiedler and 
Fernholz, 1990), reserving the latter terminology for dynamic processes. Ac- 
tive control is farther divided into predetermined or reactive. Predetermined 
control includes the apphcation of steady or unsteady energy input without 
regard to the particular state of the flow. The control loop in this case is 
open as shown in Figure 4a, and no sensors are required. Reactive^ control 
is a special class of active control where the control input is continuously 

^ Also termed by some interactive flow control. Reactive could be confused with 
chemically reacting flows, but is more proper linguistically to describe this par- 
ticular control strategy. 
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adjusted based on measurements of some kind. The control loop in this case 
can either be an open, feedforward one (Figure 4b) or a closed, feedback loop 
(Figure 4c). Classical control theory deals, for the most part, with reactive 
control. 




Fig. 3. ClassiRcation of flow control strategies 



The distinction between feedforward and feedback is particularly impor- 
tant when dealing with the control of flow structures which convect over sta- 
tionary sensors and actuators. In feedforward control, the measured variable 
and the controlled variable differ. For example, the pressure or velocity can be 
sensed at an upstream location, and the resulting signal is used together with 
an appropriate control law to trigger an actuator which in turn influences the 
velocity at a downstream position. Feedback control, on the other hand, ne- 
cessitates that the controlled variable be measured, fed back and compared 
with a reference input. Reactive feedback control is further classified into 
four categories: Adaptive, physical model-based, dynamical systems-based, 
and optimal control (Moin and Bewley, 1994). We will return to these cate- 
gories in the next chapter. 
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Fig. 4. Different control loops for active flow control 



A yet another classification scheme is to consider whether the control 
technique directly modifies the shape of the instantaneous/mean velocity 
profile or selectively influence the small dissipative eddies. An inspection of 
the Navier-Stokes equations written at the surface (17)-(19), indicates that 
the spanwise and streamwise"^ vorticity fluxes at the wall can be changed, ei- 
ther instantaneously or in the mean, via wall motion/comphance, curvature, 
suction/injection, streamwise or spanwise pressure-gradient (respectively), or 
normal viscosity-gradient. These vorticity fluxes determine the fullness of 
the corresponding velocity profiles. For example, suction (or downward wall 
motion), favorable pressure-gradient or lower wall-viscosity results in vortic- 



^ Streamwise vorticity exists only if the velocity field is three-dimensional, instan- 
taneously or in the mean. 
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ity flux away fi*oin the wall, making the surface a source of spanwise and 
streamwise vorticity The corresponding fuller velocity proflles have negative 
curvature at the wall and are more resistant to transition and to separation 
but are associated with higher skin-friction drag. Conversely, an inflectional 
velocity profile can be produced by injection, adverse pressure-gradient or 
higher wall- viscosity. Such profile is more susceptible to transition and to 
separation and is associated with lower, even negative, skin friction. Note 
that many techniques are available to effect a wall viscosity-gradient; for 
example surface heating/cooling, film boiling, cavitation, sublimation, chem- 
ical reaction, wall injection of lower/higher viscosity fluid, and the presence 
of shear thinning/thickening additive. 

Flow control devices can alternatively target certain scales of motion 
rather than globally changing the velocity profile. Polymers, riblets and LEBUs, 
for example, appear to selectively damp only the small dissipative eddies in 
turbulent wall-bounded flows. These eddies are responsible for the (instan- 
taneous) inflectional profile and the secondary instability in the buffer zone, 
and their suppression leads to increased scales, a delay in the reduction of 
the velocity-profile slope, and consequent thickening of the wall region. In 
the buffer zone, the scales of the dissipative and energy containing eddies are 
roughly the same and, hence, the energy containing eddies wiU also be sup- 
pressed resulting in reduced Reynolds stress production, momentum trans- 
port and skin friction. 

4.3 EFee-Sh.ear and Wall-Bounded Plows 

Pree-shear flows, such as jets, wakes or mixing layers, are characterized by 
inflectional mean-velocity profiles and are therefore susceptible to inviscid 
instabilities. Viscosity is only a damping influence in this case, and the prime 
instability mechanism is vortical induction. Control goals for such flows in- 
clude transition delay/advancement, mixing enhancement and noise suppres- 
sion. External and internal wall-bounded flows, such as boundary layers and 
channel flows, can too have inflectional velocity profiles, but, in the absence 
of adverse pressure-gradient and similar effects, are characterized by non- 
inflectional profiles and viscous instabilities are then to be considered. This 
kind of viscosity-dominated wall-bounded flows are intrinsically stable and 
therefore are generally more difficult to control. Pree-shear flows and sepa- 
rated boundary layers, on the other hand, are intrinsically unstable and lend 
themselves more readily to manipulation. 

Pree-shear flows originate from some kind of surface upstream be it a 
nozzle, a moving body or a sphtter plate, and flow control devices can there- 
fore be placed on the corresponding walls albeit far from the fully-developed 
regions. Examples of such control include changing of the geometry of a jet 
exit from circular to elliptic (Gutmark and Ho, 1986), using periodic suc- 
tion/injection in the lee side of a blunt body to affect its wake (Wilhams 
and Amato, 1989), and vibrating the sphtter plate of a mixing layer (Fiedler 
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et aL, 1988). These and other techniques are extensively reviewed by Fiedler 
and Fernholz (1990), who offer a comprehensive list of appropriate references, 
and more recently by Gutmark et al. (1995) and Viswanath (1995). 



4.4 Regimes of Reynolds and Mach Numbers 

Reynolds number determines whether the flow is laminar or turbulent. For 
low-to-moderate Re 3 molds numbers, the flow is laminar. Because of the nature 
of their tnstabihties, free-shear flows undergo transition at extremely low 
Reynolds numbers as compared to waU-bounded flows. Many techniques are 
available to delay laminar-to-turbulence transition for both kinds of flows, 
but none would do that to indefinitely high Reynolds numbers. Therefore, 
for Reynolds numbers beyond a reasonable limit, one should not attempt to 
prevent transition but rather deal with the ensuing turbulence. Of course 
early transition to turbulence can be advantageous in some circumstances, 
for example to achieve separation delay, enhanced mixing or augmented heat 
transfer. The task of advancing transition is generally simpler than trying to 
delay it. 

Three Reynolds number regimes can be identified for the purpose of re- 
ducing skin friction in wall-bounded flows. First, if the flow is laminar, typi- 
cally at Reynolds numbers based on distance from leading edge < 10®, then 
methods of reducing the laminar shear stress are sought. These are usually 
velocity-profile modifiers, for example adverse-pressure gradient, injection, 
cooling (in water) and heating (m air), that reduce the fuUness of the pro- 
file at the increased risk of premature transition and separation. Secondly, 
in the range of Reynolds numbers from 1 x 10® to 4 x 10^, active and pas- 
sive methods to delay transition as far back as possible are sought. These 
techniques can result in substantial savings and are broadly classified into 
two categories: stabihty modifiers and wave cancellation. The skin-friction 
coefficient in the laminar fiat-plate can be as much as an order of magnitude 
less than that in the tmbulent case. Note, however, that all the stabihty 
modifiers, such as favorable pressure-gradient, suction or heating (in hquids), 
result in an increase in the skin friction over the unmodified Blasius layer. 
The object is, of course, to keep this penalty below the potential saving; 
i.e., the net drag will be above that of the flat-plate la min ar boundary-layer 
but presumably well below the viscous drag in the flat-plate turbulent flow. 
Thirdly, for Re > 4 x 10^, transition to turbulence cannot be delayed with 
any known practical method without incurring a penalty that exceeds the 
saving. The task is then to reduce the skin-friction coefficient in a turbulent 
boundary layer. Relaminarization (Narasimha and Sreenivasan, 1979) is an 
option, although achieving a net saving here is problematic at present. 

Mach number determines whether the flow is incompressible {Ma < 0.3) 
or compressible {Ma > 0.3). The latter regime is further divided into sub- 
sonic {Ma < 1), transonic (0.8 < Ma < 1.2), supersonic {Ma > 1), and 
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hypersonic (Ma > 5). Each of those flow regimes lends itself to different op- 
timum methods of control to achieve a given goal. Take laminar- to- turbulence 
transition control as an illustration (Bushnell, 1994). During transition, the 
held of initial disturbances is internalized via a process termed receptivity 
and the disturbances are subsequently amplifled by various linear and non- 
hnear mechanisms. Assuming that by-pass mechanisms, such as roughness 
or high levels of freestream turbulence, are identifled and circumvented, de- 
la 3 flng transition then is reduced to controlling the variety of possible hnear 
modes: ToUmien-Schlichting modes. Mack modes, crossflow instabilities and 
Gbrtler instabilities. ToUmien-Schlichting instabUities dominate the transi- 
tion process for two-dimensional boundary layers having Mu < 4, and are 
damped by increasing the Mach number, by waU cooling (in gases), and by 
the presence of favorable pressure-gradient. Contrast this to the Mack modes 
which dominate for two-dimensional hypersonic flows. Mack instabihties are 
also damped by increasing the Mach number and by the presence of favorable 
pressure-gradient, but are destabilized by wall coohng. Crossflow and Gortler 
instabilities are caused by, respectively, the development of inflectional cross- 
flow velocity profile and the presence of concave streamline curvature. Both 
of these instabilities are potentially harmful across the speed range, but are 
largely unaffected by Mach number and waU cooling. The crossflow modes 
are enhanced by favorable pressure-gradient, while the Gortler instabihties 
are insensitive. Suction suppresses, to different degrees, all the linear modes 
discussed in here. 



4.5 Convective and Absolute Instabilities 



In addition to grouping the different kinds of hydrodynamic instabihties as in- 
viscid or viscous, one could also classify them as convective or absolute based 
on the hnear response of the system to an initial locahzed impulse (Huerre 
and Monkewitz, 1990) . A flow is convectively unstable if, at any fixed loca- 
tion, this response eventually decays in time. In other words, if all growing 
disturbances convect downstream from their source. Suppression of convec- 
tive instabihties is particularly effective when apphed near the point where 
the perturbations originate. If any of the growing disturbances has zero group 
velocity, the flow is absolutely unstable. This means that the local system re- 
sponse to an initial impulse grows in time. In this case, some of the growing 
disturbances can travel back upstream and continually disrupt the flow even 
after the initial disturbance is neutrahzed. Therefore, absolute instabihties 
are generally more dangerous and more difficult to control; nothing short of 
complete suppression will work. In some flows, for example two-dimensional 
blunt-body wakes, certain regions are absolutely unstable while others are 
convectively unstable. 
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5 Transition Delay 

Delaying lammar-to-turbulence transition of a boundary layer has many ob- 
vious advantages. Depending on the Reynolds number, the skin-friction drag 
in the laminar state can be as much as an order of magnitude less than that 
in the turbulent condition (Figure 5). For an aircraft or an underwater body, 
the reduced drag means longer range, reduced fuel cost/volume, or increased 
speed. Flow-induced noise results from the pressure fluctuations in the turbu- 
lent boundary layer and, hence, is virtually nonexistent in the laminar case. 
Reducing the boundary layer noise is crucial to the proper operation of an 
underwater sonar. On the other hand, turbulence is an efficient mixer and 
rates of mass, momentum and heat transfer are much lower in the laminar 
state, so early transition may be sought in some apphcations as for exam- 
ple when enhanced heat transfer rates are desired or when rapid mixin g is 
needed. 




Fig. 5. SMn-friction coefficient for a smooth flat plate at zero incidence to uniform, 
incompressible flow 



The routes to transition are many; some are more understood than oth- 
ers. On a semi-infinite, smooth flat plate placed in a clean, uniform, incom- 
pressible flow with as little external disturbances as possible, the laminar 
flow (somewhat downstream of the leading edge) is in the form of a Bla- 
sius profile and exists at low enough Reynolds number, typically Re^ < 
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6 X 10^. This laminar shear layer is, however, unstable to small perturba- 
tions that invariably exist in any flow. Squire’s (1933) theorem shows that 
two-dimensional traveling waves (ToUmien-Schlichting waves) are the most 
dangerous for incompressible-flow instability and become unstable when the 
Reynolds number exceeds a critical value. However, as soon as the T-S waves 
are amp lifi ed, gain a certain amplitude and nonlinear effects take place, three- 
dimensional disturbances can no longer be excluded (Itoh, 1987). Following 
the linear step, the originally two-dimensional waves inherently acquire a 
nearly periodic spanwise modulation and three-dimensional structures evolve 
as a result of a secondary instabihty. Hairpin vortices develop, perhaps due 
to a tertiary instabihty, and finally breakdown to turbulence occurs (Kle- 
banoff et ah, 1962). Not surprisingly, these nonlinear processes are far less 
understood than the lin ear step. The hnear amphfication step is, however, the 
slowest of the successive multiple steps in the transition process and, hence, 
factors that affect the linear amphfication determine the magnitude of the 
transition Reynolds number. 

Reshotko (1976; 1985; 1987) asserts that transition is a consequence of the 
nonlinear response of the laminar shear layer (a very comphcated oscillator) 
to random forcing disturbances that result from freestream turbulence, radi- 
ated sound, surface roughness, surface vibrations, or combination of these en- 
vironmental factors. If the initial disturbances are small, transition Reynolds 
number depends upon the nature and spectrum of these disturbances, their 
signature and excitation of the normal modes in the boundary layer (recep- 
tivity; see, for example, Morkovin, 1969; Goldstein and Hultgren, 1989), and 
the hnear amphfication of the growing normal modes. Once wave interaction 
and nonlinear processes set in, transition is quickly completed. If the initial 
disturbance levels are large enough, the relatively slow hnear amphfication 
step mentioned above is bypassed (Morkovin, 1984; 1988) and transition can 
occur at much lower Reynolds numbers. In fact, a sufiiciently violent distur- 
bance, u^ras/Uoo ~ 10%, Can cause transition of a laminar boundary layer to 
advance to the position upstream of which perturbations of all wave numbers 
decay (Klebanoff et ah, 1955). 

Other routes to transition include the Taylor-Gortler vortices forming on a 
concave surface as a set of counter-rotating, streamwise standing eddies (Stu- 
art, 1963; DiPrima and Swinney, 1985), the cross-flow instabihties occurring 
on a swept wing or a rotating disk (Reed and Saric, 1987; 1989), and any other 
situation where an instabihty will occur as a result of disturbing the equilib- 
rium of body forces, inertia and surface forces (Drazin and Reid, 1981). Once 
again, these instabihties will generally occur at Reynolds numbers lower than 
the critical Reynolds munber for the growth of Tollmien-Schlichtuig waves. 

To delay transition to as far downstream position as possible, the foUow- 
ing steps may be taken. First, since factors that affect the hnear amplifica- 
tion of Tohmien-Schhchting waves determine the magnitude of the transition 
Reynolds number, these waves may be either inhibited or canceled. In the 
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former method of control, the growth of the linear disturbance is minirnized 
using any or a combination of the so-called stabihty modifiers which alter 
the shape of the velocity profile. According to Equation (17), the stability 
modifiers include increased length of favorable pressure gradient, wall tran- 
spiration/waU motion, and surface heating/cooling. Wave cancellation of the 
growing perturbation is accomplished through exploiting but not altering 
the stabihty characteristics of the flow. Secondly, the forcing disturbances in 
the environment in which the laminar shear layer develops may be reduced. 
This is accompMshed by using smooth surfaces, reducing the fi*eestream tur- 
bulence and the radiated sound, minimizing body vibration, and ensuring 
a particulate-free inco ming flow or, in case of a contaminated environment 
such as the ocean, using a particle-defense mechanism. Practically achieved 
surface smoothness and levels of radiated noise place an upper limi t for unit 
Reynolds number required for a successful laminar flow control system. For 
aircraft, this typically translates into a requirement for high altitude oper- 
ation (above 10 Km). Thirdly, one may provide a flow where other kind of 
instabilities, e.g., Taylor-Gortler vortices or cross-flow instabilities, will not 
occur or at least will not grow at a rapid rate. This is done by avoiding as 
much as possible concave surfaces or concave streamlines, minimizing the 
sweep on hfting surfaces, etc. 



5.1 Stability Modifiers 



Stabihty modifiers are those methods of laminar flow control which alter 
the shape of the velocity profile to minimize the hnear growth of unstable 
waves. For a two-dimensional laminar boundary layer, vorticity is only in the 
spanwise direction and, within the boundary layer approximation, is given by 
073 = —dui/dx 2 - The right-hand side of (17), therefore, represents the flux of 
vorticity at the surface, as demonstrated by Lighthfll (1963). Any of the terms 
on the left-hand side of (17) can afiect the sign of the second derivative of the 
velocity profile (or the direction of the vorticity flux) at the wall and, hence, 
the flow stability. Stabihty modifiers do just that and include wall suction (or 
downward wall motion), favorable pressure gradient, surface cooling in gases 
or surface heating in hquids. Any one or a combination of these methods 
will cause the curvature of the velocity profile at the wall to become more 
negative and, hence, increase the lower critical Reynolds number and reduce 
the spatial or the temporal amplification rates of unstable waves. 

Boundary layers which are stabihzed by extending the region of favor- 
able pressure gradient are known as natural laminar flow (NLF), while the 
other methods to modify the stabihty of the shear flow are termed laminar 
flow control (LFC). It is clear from (17) that the effects of these methods 
are additive. The term hybrid laminar flow control normally refers to the 
combination of NLF and one of the LFC techniques. 
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Suction. An effective method for postponing transition is the apphcation 
of wall suction. Small amounts of fluid withdrawn from the near-wall region 
of the boundary layer change the curvature of the velocity profile at the 
wall and can dramatically alter the stabihty characteristics of the bound- 
ary layer. Additionally, suction inhibits the growth of the boundary layer, so 
that the critical Reynolds number based on thickness may never be reached. 
Although laminar flow can be maintained to extremely high Reynolds num- 
ber provided that enough fluid is sucked away, the goal is to accomphsh 
transition delay with the mini mum suction flow rate. Not only this will re- 
duce the power necessary to drive the suction pump but also the momentum 
loss due to suction, and hence the skin friction, is niuiiniized. This latter 
point can easily be seen from the momentum integral equation. Rewriting 
(20) for a steady, incompressible flow (p = Poo = constant) over a flat plate 
{dUcxi/dx = 0;di?/drr = 0) with uniform suction through the wall (vw nega- 



tive), the equation reads 



Cf _ dSe \v^\ 

2 da; Uqo 



( 26 ) 



The second term on the right-hand side is the suction coefficient, Cq, and 
although withdrawmg the fluid through the wall leads to a decrease in the 
rate of growth of the momentum thickness, Cf increases directly with Cq. 
Fluid withdrawn through the wall has to come from outside the boundary 
layer where the streamwise momentum per unit mass is at the relatively high 
level of UcQ. The second term is proportional to the rate of momentum loss 
due to withdrawing a mass per unit time and area of p |vwl- Note that this 
term does not exist for pipe flows because of the mass flow constraint. Hence, 
this momentum penalty is not paid for channel flows with wall transpiration, 
an important distinction between internal and external flows. 

Although Prandtl (1904) used suction to prevent flow separation from the 
surface of a cylinder near the beginning of this century, the first experimental 
demonstration that boundary-layer transition can be delayed by withdrawing 
near-wall fluid did not take place until about four decades later. Holstein 
(1940), Ackeret et al. (1941), Ras and Ackeret (1941), and Pfenninger (1946) 
used carefully shaped, single and multiple suction shts to demonstrate the 
decrease in drag associated with delaying transition. Braslow et al. (1951) 
used continuous suction through a porous wall to maintain laminar flow on 
an airfoil to chord Reynolds number of 2.0 x 10^. Raspet (1952) conducted 
unique, noise-free experiments that confirmed the large decrease in drag when 
suction is apphed through the wings of a sailplane. In the early 1960s, test 
flights of two X-21 aircrafts (modified U.S. Air Force B-66’s) indicated the 
feasibifity of maintaining a laminar flow on a swept wing to chord Reynolds 
number as high as 4.7 x 10"^ (Whites et al., 1966). The wing surfaces contained 
many thin and closely spaced spanwise suction slots, and the total airplane 
drag was reduced by 20% as compared to the no suction case. 

Although discrete suction slots were used first, because of the unavailabil- 
ity of suitable porous surfaces in the early 1940s, the theoretical treatment 
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of the problem is considerably simplified by assuming continuous suction 
through a porous wall where the characteristic pore size is much smaller 
than a boundary layer thickness. In fact, the case of a uniform suction from 
a flat plate at zero incidence is an exact solution of the Navier-Stokes equa- 
tion (12). Assuming weak enough suction that the potential flow outside the 
boundary layer is unaffected by the loss of mass at the wall (sink effects), 
the asymptotic velocity profile in the viscous region is exponential and has a 
negative curvature at the wall 



w(y) Uqq 



1 — exp 




(27) 



The displacement thickness has the constant value 6* = iy/\v^\, where z/ is 
the kinematic viscosity and is the absolute value of the normal velocity 
at the wall. In this case, (20) reads 



Cf =^2 Cq (28) 

Bussmann and Miinz (1942) computed the critical Reynolds number for the 
above asymptotic velocity profile to be Res* = Uoq6*/i/ = 70,000. From 
the value of 6* given above, the flow is stable to all small disturbances if 
Cq = \v^\/UoQ > 1.4 X 10~^. The amphfication rate of unstable disturbances 
for the as 5 miptotic profile is an order of magnitude less than that for the 
Blasius boundary layer (Pretsch, 1942). This treatment ignores the develoi>- 
ment distance from the leading edge needed to reach the asymptotic state. 
When this is included into the computation, a higher Cq (1.18 x 10~^) is 
required to ensure stability (Iglisch, 1944; Ulrich, 1944). Wuest (1961) pre- 
sented a summary of transpiration boundary layer computations up to the 
early 1960s. 

The more comphcated analysis for the stabihty of a boundary layer with 
suction through discrete spanwise strips was only carried out satisfactorily rel- 
atively recently. Reed and Nayfeh (1986) conducted a numerical-perturbation 
analysis of a linearized, triple-deck, closed-form basic state of a flat plate 
boundary layer with suction through a finite number of spanwise porous 
strips. Their results were compared to interacting boundary layer calculations 
(Ragab and Nayfeh, 1980) as well as to the carefully conducted experiments 
of Reynolds and Saric (1986). Suction applied through discrete strips can be 
as effective as suction apphed continuously over a much longer streamwise 
length. Reed and Nayfeh suggested a scheme for optimizing the strip config- 
uration. Their results showed that suction should be concentrated nearer the 
leading edge (branch I of the neutral stability curve) when disturbances are 
stiU small in amphtude. 

Suction may be apphed through porous surfaces, perforated plates, or 
carefully machined slots. It is of course structurally impossible to make the 
whole surface of an aircraft’s wing or the like out of porous material and 
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often strips of sintered bronze or steel are used. A relatively inexpensive wo- 
ven stainless steel, Dynapore, is now available and provides some structural 
support (Reynolds and Saric, 1986). Superior surface smoothness and rigid- 
ity are obtained by drilling microholes in titanium using the recently devel- 
oped electron-beam technology. The lower requirement for a pressure drop in 
the case of a perforated plate translates directly into pumping-power saving. 
However, outflow problems may result from regions of the wing having strong 
pressure gradients (Saric and Reed, 1986). Outflow in the aft region of a suc- 
tion strip can cause large destabilizing effects and local three-dimensionality. 

While structurally a surface with multiple slits is more rigid than a porous 
surface, slots are more expensive to fabricate accurately. Moreover, the higher 
mass flow rates associated with them may result in high Reynolds number 
instabilities such as separation and backflow, which adversely affect the sta- 
bility of the basic flow. The rule of thumb is that the Re 5 molds number based 
on slot width (or hole diameter in the case of a perforated plate) and the 
local suction velocity should be kept below 10 to avoid adverse effects on 
the boundary layer stability, although Saric and Reed (1986) claim a hole 
Reynolds number an order of magnitude higher than that without destabi- 
hzation of the basic flow. 

Delaying transition using suction is a mature technology, where most of 
the remaining problems are in the maintainability and reliabihty of suction 
surfaces and the optimization of suction rate and distribution. To protect the 
delicate suction surfaces on the wing of an aircraft from insect impacts and ice 
formation at low altitudes, special leading edge systems are used (Wagner and 
Fischer, 1984; Wagner et al., 1984; 1988). Suction is less suited for underwater 
vehicles because of the abundance of suspended ocean particulate that can 
clog the suction surface as well as destabilize the boundary layer. 



Shaping. The second method of control to delay laminar-to-turbulence tran- 
sition is perhaps the simplest and involves the use of suitably shaped bodies to 
manipulate the pressure distribution. In (17), the pressure gradient term can 
affect the sign of the curvature of the velocity profile at the wall and, hence, 
change the stability characteristics of the boundary layer. According to the 
calculations of Schlichting and Ulrich (1940), the critical Reynolds number 
based on displacement thickness and freestream velocity changes from about 
100 to 10,000 as a suitably nondimensionalized pressure gradient (the shape 
factor. A) varies from A = — 6 (adverse) to A = +6 (favorable). Moreover, for 
the case of a favorable pressure gradient, no unstable waves exist at infinite 
Reynolds number. In contrast, the upper branch of the neutral stability curve 
in the case of an adverse pressure distribution tends to a non-zero asymp- 
tote so that a finite region of wavelengths at which disturbances are always 
amplified remains even as i?e oo. 

Streamlining a body to prevent separation and reduce form drag is quite 
an old art, but the stabilization of a boundary layer by pushing the longitu- 
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din a] location of the pressure minimiini to as far back as possible dates back 
to the 1930s and led to the successful development of the NACA 6-Series 
NLF airfoils. Newer, low-Reynolds-number lifting surfaces used in sailplanes, 
low-speed drones and executive business jets have their maximmn thickness 
point far aft of the leading edge. The recent success of the Voyager’s nine- 
day, unrefueled flight around the world was due in part to a wing design 
employing natural laminar flow to approximately 50% chord. Apphcation of 
NLF technology to underwater vehicles is feasible but somewhat more limited 
(Granville, 1979). 

The favorable pressure gradient extends to the longitudinal location of the 
pressure namimum. Beyond this point, the adverse pressure ^adient becomes 
steeper and steeper as the peak suction is moved further aft. For an airfoil, 
the desired shift in the point of minimum pressure can only be attained in a 
certain narrow range of angles of incidence. Depending on the shape, angle of 
attack, Reynolds number, surface roughness and other factors, the boundary 
layer either becomes turbulent shortly after the point of minimum pressure 
or separates first and then undergoes transition. One of the design goals of 
NLF is to maintain attached fiow in the adverse pressure gradient region and 
some method of separation control (Section 6) may have to be used there. 

Factors that limit the utility of NLF include crossflow instabilities and 
leading edge contamination on swept wings, insect and other particulate de- 
bris, high unit Reynolds numbers at lower cruise altitudes, and performance 
degradation at higher angles of attack due to the necessarily small leading 
edge radius of NLF airfoils. Reductions of surface waviness and smoothness 
of modern production wings, special leading edge systems to prevent insect 
impacts and ice formation, higher cruise altitudes of newer airplanes, and 
higher Mach mnnbers aU favor the apphcation of NLF (Runyan and Steers, 
1980). To paraphrase a recent statement by Holmes (1988), an NLF airfoil is 
no longer as finicky as Morris the Cat. It is true that a boundary layer that 
is kept laminar to extremely high Reynolds numbers is very sensitive to envi- 
ronmental factors such as roughness, fi^eestream turbulence, radiated sound, 
etc. However, the flow is durable and reliable within certain conservative de- 
sign corridors which must be maintained by the skillful designer and eventual 
operator of the vehicle. Current research concentrates on understanding the 
achievabihty and maintainability of natural laminar flow, expanding the prac- 
tical applications of NLF technology, and extending the design methodology 
to supersonic aviation (Bushnell and Mahk, 1988; Bushnell, 1989). 



Wall Heating/ Cooling. The last of the stabihty modifiers is the addition 
or removal of heat from a smface, which causes the viscosity to vary with 
distance from the waU. In general, viscosity increases with temperature for 
gases, w hil e the opposite is true for hquids. Thus, if heat is removed from the 
surface of a body moving in air, the third term on the left-hand side of (17) 
is negative. In that case, the velocity gradient near the waU increases and 
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the velocity profile becomes fuller and more stable. The term containing the 
viscosity derivative will also be negative if the surface of a body moving in 
water is heated. With heating in water or cooling in air, the critical Reynolds 
number is increased, the range of amplified frequencies is diminished and the 
amplification rate of unstable waves is reduced. Substantial delay of transition 
is feasible with a surface that is only a few degrees hotter (in water) or colder 
(in air) than the freestream. 

The first indirect evidence of this phenomenon was the observation that 
the drag of a flat plate placed in a wind tunnel increases by a large amount 
when the plate is heated (Linke, 1942). Both Rrick and McCullough (1942) 
and Liepmann and Fila (1947) showed that the transition location of a flat- 
plate boundary layer in air at low subsonic speeds is moved forward as a result 
of surface heating. The stability calculations of Lees (1947) confirmed these 
experiments and, moreover, showed that cooling has the expected opposite 
effects. The critical Reynolds number based on distance from the leading edge 
increases from 10^ to 10^ when the wall of a flat plate placed in an air stream is 
cooled to 70% of the absolute ambient temperature. Even a modest cooling 
of the wall to 0.95Too results in doubling of the critical Reynolds number 
(Kachanov et al., 1974). With coohng, the range of amplified frequencies 
is diminished and the growth rate of T-S waves is reduced resulting in a 
substantial increase in transition Reynolds number. These same trends were 
dramatically confirmed in subsonic and supersonic flights® by Dougherty and 
Fisher (1980) who studied the transition on an airborne cone over the Mach 
number range of 0.55-2.0. They reported a transition Reynolds number that 
varied approximately as T~'^ , where 2L is the wall temperature. For aircraft, 
this method of transition delay is feasible only for a vehicle which uses a 
cryo-fiiel such as hquid hydrogen or hquid methane. In that case, a sizable 
heat sink is readily available. The idea being that the fuel is used to cool 
the major aerodynamic surfaces of the aircraft as it flows from the fuel tanks 
to the engines. Reshotko (1979) examined the prospects for the method and 
concluded that, particularly for a hydrogen-fueled aircraft, substantial drag 
reductions are feasible. His engineering calculations indicated that the weight 
of the fuel saved is well in excess of the weight of the required cooling system. 

The above effects are more pronounced in water flows due to the larger 
Prandtl number (good thermal coupling) and the stronger dependence of 
viscosity on temperature.® In a typical low-speed situation , a surface heating 
of 1°C in water has approximately the same effect on the curvature of the 



® In h 3 ^ersonic flows, a different mode of stability, Mack’s Second Mode, domi- 
nates the transition process and cooling, in fact, promotes earlier transition to 
turbulence. 

® For water at room temperature, Pr ^ 7 and absolute viscosity is decreased by 
approximately 2% for each 1°C rise in temperature. For room temperature air, 
Pr w 0.7 and absolute viscosity is decreased by approximately 0.2% for each 1°C 
drop in temperature. 
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velocity profile at the waU as a surface cooling of 20° C in air or a suction 
coefficient (in air or water) of 0.0003 (Liepmann et al., 1982). Wazzan et al. 
(1968;1970) used a modified fourth-order Orr-Sommerfeld equation combined 
with the e® method of Smith and Gamberoni (1956) and confirmed that wall 
heating can produce large increases in the transition Reynolds number of 
water boimdary layers. They predicted a transition Reynolds number, based 
on freestream velocity and distance from the leading edge of a flat-plate, as 
high as 2 X 10^ for waU temperatures that are only 40° C above the ambient 
water temperature. 

LoweU and Reshotko (1974) refined Wazzan et al.’s (1968; 1970) calcu- 
lations by introducing a coupled sbcth-order system of vorticity and energy 
disturbance equations. The predicted critical Reynolds numbers for wall over- 
heats of up to 2.8°C were confirmed by the experiments of Strazisar et al. 
(1977) who measured the growth rates of small disturbances generated by a 
vibrating ribbon in a heated flat-plate in water. These experiments did not 
yield data on transition or on stabflity at higher overheats. The transition pre- 
dictions of Wazzan et al. (1968; 1970) at higher overheats were partially con- 
firmed by the very carefully conducted experiments of Barker and Gile (1981) 
who used the entrance region of an electrically heated pipe. The displacement 
thickness was much smaller than the pipe radius and, thus, the boimdary- 
layer development was approximately the same as that of a zero-pressure 
gradient fiat-plate. Barker and Gile reported a transition Reynolds number 
of 4.7 X 10”^ for a wall overheat of 8°C. No further increase in (Re|transition) was 
observed as the wall was heated further, in contradiction to the computations 
of Wazzan et al. (1968; 1970). Barker and Gile (1981) investigated possible 
causes of this discrepancy including buoyancy effects, wall roughness, effects 
of geometry, flow asymmetries, and suspended particulate matter. Their anal- 
ysis and numerous related work (e.g., Kosecoff et al., 1976; Chen et al., 1979; 
Hendricks and Ladd, 1983; Lauchle and Gurney, 1984) indicate that increased 
concentration and size of suspended particulate diminish the stabilizing effect 
of surface heating until at some point surface heating no longer stabilizes the 
boundary layer but is in fact a destabilizing influence. 

On a heated body of revolution in a high-speed water tunnel, Lauchle 
and Gurney (1984) observed an increase in transition Reynolds number from 
4.5 X 10® to 3.6 X lO"^ for an average overheat of 25° C. Clearly, surface heating 
in water can be an extremely effective method of transition delay and, hence, 
drag reduction for small, high-speed underwater vehicles where the rejected 
heat from their propulsion system is used to increase the surface tempera- 
ture along the body length. The detrimental effects of freestream particulate 
alluded to earlier are, however, a major obstacle at present for a practical 
implementation of this method of control. Suspended particulate having a 
wide-band concentration spectra are abundant in the oceans and “particle- 
defense” mechanisms must be sought before using any of the transition delay 
methods in a contaminated environment. 
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In addition to surface heating, several other techniques are available to 
lower the near-wall viscosity {dfi/dy > 0) in a liquid boundary layer and, 
thus, favorably affect the stabihty of the flow. These include film boiling, 
cavitation, sublimation, chemical reaction, or wall injection of a gas or lower- 
viscosity hquid. Finally, a shear-thinning additive could be introduced into 
the boundary layer. Since the shear increases as the wall is approached, the 
effective viscosity of the non-Newtonian fluid decreases there and [dfifdy) 
becomes positive. 

5.2 Wave Cancellation 

An alternative approach to increase the transition Re}molds number of a 
laminar boimdary layer is wave cancellation. If the frequency, orientation 
and phase angle of the dominant element of the spectrum of growing linear 
disturbances in the boundary layer is detected, a control system and appro- 
priately located disturbance generators may then be used to effect a desired 
cancellation or suppression of the detected disturbances. In this case, the 
stability characteristics of the boundary layer are exploited but not altered 
(Reshotko, 1985) . Wave cancellation is feasible only when the disturbances 
are still relatively small, their growth is governed by a linear equation, and 
the principle of superposition is still valid. 

The first reported use of wave cancellation is that due to Schilz (1965/66). 
He used a vibrating ribbon to excite a T-S wave on a test plate which had 
a flexible surface. A unique wall-motion device flush mounted into the plate 
moved the flexible wall in a transverse, wavelike manner with a variety of 
frequencies and phase speeds. A significant amount of cancellation resulted 
when the flexible wall motion had the opposite phase but the same frequency 
and phase speed as the T-S wave. Both Milhng (1981) and Thomas (1983) 
used two vibrating wires, one downstream of the other, to generate and later 
cancel a single frequency T-S wave. Thomas (1983) observed that interaction 
between the primary disturbance and background excitations prevented com- 
plete cancellation of the primary wave. To further study the consequences of 
wave interactions, Thomas applied the same method of control to eliminate 
two interacting waves of different frequency. Although the primary waves 
were behaving linearly, a nonlinear interaction gave rise to a low-amphtude 
difference frequency that could only be partially reduced and ultimately led 
to transition. Thomas (1983) concluded that it is not possible to return the 
flow completely to its undisturbed base state because of wave interactions 
and that it is perhaps more appropriate to describe this control method as 
wave superposition rather than wave, cancellation. 

The same principle of wave superposition could be applied using wall 
heating/cooling (Liepmann et al., 1982; Liepmann and Nosenchuck, 1982; 
Ladd and Hendricks, 1988), plate vibration (Gedney, 1983), compliant wall 
(McMurray et al., 1983), or periodic suction/blowing (Biriugen, 1984). Liep- 
mann and Nosenchuck (1982) used flush-mounted hot-film probes to sense 
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natural T-S waves in a fiat-plate boundary layer in a water tunneL A feed- 
forward control loop was then used to synthesize and introduce disturbances 
of equal amphtude but of opposite phase via flush-mounted wall heaters. Ladd 
and Hendricks (1988) performed their experiment in a water tunnel on a 9:1 
fineness-ratio elMpsoid. Strip heaters were again used to create and actively 
attenuate T-S waves. They applied digital filtering techniques to synthesize 
the attenuation signal. The filter was able to actively adapt the attenuation 
signal to changes in amplitude and frequency of the artificially introduced 
instability wave with no loss in attenuation downstream. 

The transition delay achieved by active wave cancellation is modest, typi- 
cally a factor of two or less increase in the transition Reynolds number based 
on distance from the leading edge. Reshotko (1985) maintains that to achieve 
significant delay in transition using this technique would require an exten- 
sive array of disturbance detectors and generators as well as prohibitively 
complicated control system that could cancel both the primary and residual 
disturbance spectra. Significant delay m transition is more readily achieved 
via the stability modifiers summarized in Section 5.1. 

5.3 Compliant Coatings 

Wall motion can be generated by either actively driving the surface or by 
using a flexible coating whose modulus of rigidity is low enough so that 
surface waves are generated under the influence of the stress field in the fluid. 
In the former case, the wall motion is precisely controlled and can be made 
to affect the shape of the velocity profile in a desired manner. This method of 
control is, however, quite impractical, at present at least, and is used mainly 
to provide controlled experiments to determine what type of wave motion is 
required to achieve a given result. The more practical passive flexible walls 
can be broadly classified into two categories: truly comphant coatings which 
have extremely small damping and modulus of elasticity and can therefore 
respond with httle phase lag to the boundary layer flow; and the more readily 
available resonant walls in which vibration modes in the sohd, acting as an 
active vibration damper, are excited by the flow-disturbance forcing function 
(Bushnell et al., 1977). The flow stabilisation in this case may be a result 
of altering the phase relation in the viscous region rather than changing the 
curvature of the velocity profile at the wall. 

Theoretical studies of boundary-layer stabihty in the presence of a flex- 
ible wall started in the early 1960s, stimulated in part by the pioneering 
experimental work of Kramer (1960). In both the classical work (e.g., Ben- 
jamin, 1960; Landahl, 1962; Kaplan, 1964) and the more recent research (e.g., 
Carpenter and Garrad, 1985; Willis, 1986; Yeo and Dowling, 1987), steady- 
state stabihty theory has been used with an assumed velocity profile which 
is not allowed to change as the wall moves. It is clear, however, that the 
wall displacement will induce a traveling pressure signal which in turn will 
modulate the mean velocity profile. Either a quasi-steady stabihty analysis 
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of the modulated flow or a true time-dependent calculations would be prefer- 
able to conventional linear-stability theory, but neither has been attempted 
yet due to the obvious complexities of the problem. Notwithstanding the 
shortcoming of present stability calculations, Willis (1986) obtained a very 
impressive agreement with the careful experiments conducted by Michael 
Gaster. Eigenvalue calculations were performed to predict the amphfication 
factors for a range of modal frequencies. The flexible coating was a silicon- 
rubber/silicon-oil mix covered by a thin latex rubber skin stretched across 
the surface. The experiments were conducted in a water tow ing tank using 
a flat plate, and controlled, harmonic, two-dimensional disturbances were in- 
troduced upstream of the compliant surface. A reduction of the wave growth 
by an order of magnitude is feasible when this rather simple coating is used, 
almost ehminating transition due to Tollmien-Schlichting type of instability. 
The flexible waU itself is, however, susceptible to other kinds of instability 
and care must be taken to ensure that these surface waves will not grow to an 
amphtude that will promote transition through a roughness-hke effect (see 
the recent review articles by Riley et al., 1988, and Gad-el-Hak, 1996a). 

Although the original Kramer’s (1960) experiments were discredited up 
until a few years ago, new theoretical and experimental evidence confirm 
Kramer’s results (Carpenter and Garrad, 1985). Passive flexible coatings 
with density the order of the fluid density appear to be capable of consider- 
able transition postponement. The density requirement makes this method of 
control suitable for water apphcations only. Transitional Reynolds numbers 
(based on distance from the leading edge) that are 5-10 times those for a 
rigid surface seem to be readily achievable with a simple method that does 
not require energy expenditure, slots, ducts, or internal equipment of any 
kind. 

6 Separation Control 

6.1 Steady Separation 

Separation of a steady, two-dimensional boundary layer was explained first 
by Prandtl (1904) in his milestone presentation cited earher “On the Motion 
of a Fluid with Very Small Viscosity (translated),” in which he introduced 
the Boundary-Layer Theory. Fluid particles near the surface are retarded by 
the friction of the wall and by any adverse pressure gradient present in the 
freestream. If the near-wall fluid has insufficient momentum for it to continue 
its motion, it will be brought to rest at the separation point (line). Further 
downstream, the adverse pressure forces will cause reverse flow. Since the 
velocity at the wall is always zero, the gradient [du/dy]y^Q must be positive 
upstream of separation, zero at the point of separation, and negative in the 
reverse flow region. For an axially symmetric flow, the line of separation 
becomes a circle, and the point of vanishing shear still coincides with the 
point of separation. 
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In Prandtl’s view, the separation point is entirely determined by external 
conditions. Boundary-layer separation is accompanied by a thickening of the 
rotational flow region and ejection of vorticity. Downstream of the separation 
point the shear layer either passes over the region of recirculating fluid and 
reattaches to the body surface or forms a wake and never reattaches to the 
body. The characteristic dimension of the recirculating region is quite large 
in the latter case and is of the order of the body height. 

Analytically, the solution of the steady, two-dimensional, laminar boundary- 
layer equations with a prescribed external-pressure (or external- velocity) dis- 
tribution breaks down at the point of separation, and this is commonly known 
as the Goldstein’s singularity. The singularity of the boundary-layer equa- 
tions at separation is obviously not a physical property of the flow and can 
be overcome by prescribing either the displacement thickness or the waU shear 
distribution instead of the external pressure. This kind of analysis is termed 
inverse calculation. 

6.2 Unsteady Separation 

For two-dimensional flow over moving walls, two-dimensional unsteady flows, 
and three-dimensional steady and unsteady flows, the point (hne) of vanish- 
ing wall shear does not necessarily coincide with separation, and this greatly 
comphcates the problem. This was first observed by Rott (1956) while analyz- 
ing the unsteady flow in the vicinity of a stagnation point. He observed that, 
whil e the wall shear vanished with an accompanying reverse flow, there was 
no singularity or breakdown of the boundary-layer assumptions. In seeking a 
generalized model for separation. Sears (1956) postulated that the unsteady 
separation point is characterized by the simultaneous vanishing of the shear 
and the velocity at a point within the boundary later as seen by an observer 
moving with the velocity of the separation point . 

Moore (1958), while investigating a steady flow over a moving waU, arrived 
at the same model for unsteady separation. Based on an intuitive relationship 
between steady flow over a moving wall and unsteady flow over a fixed wall, 
Moore was able to sketch the expected velocity profiles for both cases as 
seen in Figures 6 and 7. He considered the possibility that a Goldstein-type 
singularity occurs at the location where the velocity profile has simultaneously 
zero velocity and shear at a point above the moving wall. Equivalently, for 
unsteady separation on a fixed wall, the separation point is the location at 
which both the shear and velocity vanish in a singular fashion in a frame 
of reference moving with the separation point. The main drawback of this 
Moore-Rott-Sears (MRS) model in the fixed wall case is that the speed of the 
separation point is not known a priori, making it difficult to locate this point 
and forcing researchers to rely on more qualitative measures for unsteady 
separation. Sears and Tehonis (1972; 1975) were the first to prove that the 
boundary-layer separation singularity accompanies detachment of unsteady 
flows. They suggested that the existence of such singularity could serve as a 
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criterion for unsteady separation when integrating numerically the boundary- 
layer equations. 







separated region 

' wall movement 

c. Wall moving upstream. 

Fig. 6. Streamlines and velocity profiles when a boundary layer over a fixed or 
moving wall separates 



Because of the above difiiculty, early attempts to verify this important 
Moore-Rott-Sears model of unsteady separation considered the more tractable 
problem of steady separation over moving walls. Both Vidal (1959) and Lud- 
wig (1964) investigated experimentally a shrouded rotating cylinder in steady 
flow. As expected, separation was delayed (moved downstream) when the wall 
moved in the freestream direction and was advanced when the wall moved 
opposite the main flow. The measured velocity profiles corresponded to those 
hypothesized by Moore (1958). Tehonis and Werle (1973) presented an an- 
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Separation point Separation point 

moving downstream moving upstream 



Moving Separation Point 

Fixed Separation Point 

Fig. 7. Moor’s (1958) postulated velocity profiles for unsteady separation on a fixed 
waU 



alytical verification of the separation model for the case of a downstream 
moving wall. 

Until the work of Wilhams and .Jo hn son (1974a; 1974b), the relation- 
ship between unsteady boundary-layer separation over fixed walls and steady 
separation over moving walls has been an intuitive one. By considering the 
rather general class of unsteady, two-dimensional boundary-layer problems 
which could be treated by the method of semi-similar solutions, Williams 
and Johnson (1974a) were able to transform an unsteady problem in three 
independent variables into an equivalent problem in two independent vari- 
ables. This transformation made it then possible to use conventional numer- 
ical techniques for solving steady, nonsimilar boundary-layer problems, and 
allowed the authors to investigate some time-dependent flows where sepa- 
ration occurs in a coordinate system for which unsteady separation is most 
easily identified and analyzed. As a practical example, Wilhams and Johnson 
(1974a) verified the MRS model for unsteady separation for a particular time- 
dependent retarded flow the steady flow equivalent of which is the classical 
hnearly retarded flow studied by Howarth (1938). 

In a subsequent paper, Whliams and Johnson (1974b) established a rigor- 
ous analytical link between unsteady separation over a fixed waU and steady 
separation over a moving wall for the special case in which the external ve- 
locity distribution in the fixed coordinate system is a function only of a hnear 




1 Introduction to Flow Control 



33 



combination of the streamwise coordinate and time and where the wall moves 
downstream with the (constant) speed of the unsteady separation point. Once 
more, Willi ams and Johnson were able to transform a given unsteady flow 
into a steady flow over a wall moving with the speed of the separation point 
and then to relate this back to the unsteady flow. 

6.3 Velocity Profile Modifiers 

As mentioned, Prandtl (1904) was the first to explain the mechanics of sep- 
aration. He provided a precise criterion for its onset for the case of a steady, 
two-dimensional boundary layer developing over a fixed waU. If such a flow is 
retarded, the near-wall fluid may have insufficient momentum to continue its 
motion and will be brought to rest at the point of separation. Fluid particles 
behind this point move in a direction opposite to the external stream and 
the original boundary-layer fluid passes over a region of recirculating flow. 
Since the velocity at the wall is always zero, the gradient [duJdy\y^Q will be 
positive upstream of separation, zero at the point of separation, and negative 
in the reverse flow region. The velocity profile at separation must then have 
a positive curvature at the wall. However, is negative at a large 

distance from the wall, which means the velocity profile at separation must 
have a point of inflection somewhere above the waU. Since [d^u/dy^]g > 0 is 
a necessary condition for a steady, two-dimensional boundary layer to sepa- 
rate, the opposite, i.e. a negative curvature of the velocity profile at the wall, 
must be a sufficient condition for the boundary-layer flow to remain attached. 

The above arguments naturally lead to several possible methods of con- 
trol to delay (or advance) steady, two-dunensional separation that rely on 
modifying the shape of the velocity profile near the wall. Namely, the object 
is to keep ]^d‘^u/dy^\^ as negative as possible, or in other words to make the 
velocity profile as ffiU as possible. In this case, the magnitude of the span- 
wise vorticity decreases monotonically away from the wall and the surface 
vorticity flux is in the positive y direction. Not surprismgly, then, methods of 
control to postpone separation that rely on changing the velocity profile are 
similar to those used to delay laminar-to-turbulence transition. For example, 
beyond the point of minimum pressure on a streamlined body the pressure 
gradient is adverse and the boundary layer will separate if the pressure rise 
is sufficiently steep; however, enough suction may be applied there to over- 
come the retarding effects of the adverse pressure gradient and to prevent 
separation. 



Shaping. For any two-dimensional, subsonic flow over a closed-surface body, 
adverse pressure gradient always occurs somewhere in the aft region. Stream- 
lining can greatly reduce the steepness of the pressure rise, leading to the 
prevention or postponement of separation. Numerous biological species are 
endowed with body shapes that avoid separation and allow for minimum fluid 
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resistance to their motion in. air or water. Archaic Homo sapiens discovered, 
through scores of trials and errors, the value of streamlining spears, sickle- 
shaped boomerangs, and fin-stabihzed arrows (Williams, 1987). In supersonic 
flows, pressure always rises across a shock wave and a boundary layer may 
separate as a result of the wave interaction with the viscous flow (Young, 
1953; Lange, 1954). 

Laminar boundary layers can only support very small adverse pressure 
gradients without separation. In fact, if the ambient incompressible fluid de- 
celerates in the streamwise direction faster than Uoo ~ the flow sepa- 

rates (Schhchting, 1979). On the other hand, a turbulent boundary layer, 
being an excellent momentum conductor^ is capable of overcoming much 
larger adverse pressure gradients without separation. In this case, separa- 
tion is avoided for external flow deceleration up to Uoo ~ (Schhchting, 

1979). The efiicient momentum transport that characterizes turbulent flows 
provide the mechanism for mixing the slower fluid near the wall with the 
faster fluid particles further out. The forward movement of the boundary- 
layer fluid against pressure and viscous forces is facflitated and separation 
is, thus, postponed. According to the experimental results of Schubauer and 
Spangenberg (1960), a larger total pressure increase without separation is 
possible in the turbulent case by having larger adverse pressure gradient in 
the beginning and continuing at a progressively reduced rate of increase. 

To expand the attached flow operational envelope to off-design conditions 
using the concept of pressure gradient mitigation generally requires some form 
of variable geometry such as vanes, slats, or flaps. These can be combined with 
other separation control techniques such as active or passive blowing, rotating 
cyhnder at the flap knee, or use of an injection-stabilized trapped vortex. 
For low-speed flows, bodies can now be designed for incipiently separated 
flow over large surface areas using the so-called Stratford closure (Smith, 
1977; Smith et ah, 1981). While minimizing skin friction drag, this approach 
exacerbates the attached-flow, viscous-induced form drag, and the minirmnn 
drag body is actually a less extreme design. Also, such bodies tend to generate 
large separated flow regions off-design, and therefore some form of standby 
flow separation control would probably be required to ensure reasonable off- 
design performance. 



Zero Skin Friction. The skin friction downstream of the separation line 
is negative. However, the increase in pressure drag that results from flow 
detachment is far greater than the saving in skin-friction drag. The papers 
by Stratford (1959a; 1959b) provide useful discussion on the prediction bf 
turbulent-boundary-layer separation and the concept of flow with continu- 
ously zero skin-friction throughout its region of pressure rise. By specifying 
that the turbulent boundary layer be just at the condition of separation, with- 
out actually separating, at all positions in the pressure rise region, Stratford 
(1959b) experimentally verified that such flows achieve a specified pressure 
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rise in the shortest possible distance and with the least possible dissipation of 
energy. A lifting surface which could utilize the Stratford’s distribution im- 
mediately after transition from laminar to turbulent flow would be expected 
to have very low skin friction as well as pressure drag. Liebeck (1978) success- 
frilly followed this strategy using a highly polished wing to achieve the best 
hft-to-drag ratio (over 200) of any airfoil tested in the low-Reynolds-number 
range of 5 x 10^-2 x 10®. He argued that the entire pressure-recovery region 
of an airfoil’s upper surface would be operating at its maximum capacity if 
the adverse pressure distribution was uniformly critically close to separation. 
By assuming an incipient-separation turbulent profile, Liebeck calculated the 
pressure field required then used an inverse calculation procedure to derive 
the airfoil shape from the given critical-velocity distribution. 

When attempting to reduce skin-friction drag by driving the boundary 
layer towards separation, a major concern is the flow behavior at off-design 
conditions. A shght increase in angle of attack for example can lead to sepa- 
ration and consequent large drag increase as well as loss of lift. High perfor- 
mance airfoils with lift-to-drag ratio of over 100 utilize carefully controlled 
adverse pressure gradient to retard the near-wall fluid, but their performance 
deteriorates rapidly outside a narrow envelope (Carmichael, 1974). 



Separation Bubbles. Laminar-to-turbulence transition on the upper sur- 
face of a lifting surface typically occurs at the first onset of adverse pressure 
gradient if the Reynolds number exceeds 10®. The separation-resistant tur- 
bulent boundary layer that evolves in the pressure recovery region results in 
higher maximum lift and a relatively larger angle of stall. At lower Reynolds 
numbers and depending on the severity of the initial adverse gradient (hence 
on the airfoil shape), laminar separation may take place prior to transition. 
For sufficiently low Re, the separated flow will not reattach to the surface. 
However, in the intermediate Reynolds number range of typically 10^-10®, 
transition to turbulence takes place in the free-shear layer due to its increased 
susceptibility. Subsequent turbulent entertainment of high-speed fluid causes 
the flow to return to the surface, thus forming what is known as a laminar 
separation bubble. Regardless of whether or not the flow subsequently reat- 
taches, the laminar separation leads to higher form drag and lower maximum 
hft. Dehcate contouring of the airfoil near the minimum pressure point to 
lessen the severity of the adverse pressure gradient may be used to accom- 
phsh separation-free transition (Pfenninger and Vemuru, 1990). 



Transpiration. The second method to avert separation by changing the cur- 
vature of the velocity profile at the wall involves withdrawing the near- wall 
fluid through slots or porous surfaces. Prandtl (1904) applied suction through 
a spanwise slit on one side of a circular cylinder. His flow visuahzation pho- 
tographs convincingly showed that the boundary layer adhered to the suction 
side of the cylinder over a considerably larger portion of its surface. By re- 
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moving the decelerated fluid particles in the near-wall region, the velocity 
gradient at the wall is increased, the curvature of the velocity profile near the 
surface becomes more negative, and separation is avoided. In the following, 
an approximate method to compute the amount of suction needed to prevent 
laminar separation is briefly recalled (Prandtl, 1935). 

For a laminar boundary layer, the ratio of pressure forces to viscous forces 
is proportional to the shape factor, A, 

A = -^==-^~— 29 

1/ ax ax fi Uoo 

where 6 is the boundary layer thickness, C/qo is the velocity outside the 
boundary layer, i/ is the kinematic viscosity, /x is the dynamic viscosity, and 
(dpoo/d^) is the pressure gradient in the streamwise direction. At separation, 
[du/dylg = 0 and Equation (17) reads 



dpoo _ \ d‘^u 

dx ^ dy‘^ Q 



(30) 



The shape factor at the point of separation of a laminar boundary layer is 
A = —12, and from Equations (29) and (30) the expressions for the curvature 
of the velocity profile at the wall and the boundary-layer thickness become, 
respectively 



d^u 

6 



UUoo 

^2 



- 12z/ 
(dC/oo/da;) 



(31) 

(32) 



The velocity distribution, (df/co/daj), is determined from the potential flow 
solution. As an example, suppose we wish to compute the suction coefficient, 
Cq = {\v^\/Uoo), which is just sufficient to prevent laminar separation from 
the surface of a cylinder. By assuming that the velocity profiGles in the vicinity 
of separation are identical with that at the point of separation and comput- 
ing dUoo/dx at the downstream stagnation point, Prandtl (1935) used the 
momentum integral equation, (20), and the above results to make a simple 
estimate of the required suction 

Cq 4.36i?e“°-® (33) 

where Re is the Re 5 molds number based on the cylinder diameter and the 
freestream velocity. 

Several researchers have used similar approximate methods to calculate 
the laminar boxmdary layer on a body of arbitrary shape with arbitrary suc- 
tion distribution (see, e.g., Schhchting and Pechau, 1959; Chang, 1970). A 
particularly simple calculation is due to Ttuckenbrodt (1956). He reduces the 
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problem to solving a first-order ordinary differential equation. As an exam- 
ple, for a symmetrical Zhukovskii airfoil with uniform suction, Truckenbrodt 
predicts a suction coefficient just sufficient to prevent separation of 

Cq = 112 (34) 

where Re is the Reynolds number based on the airfoil chord and the freestream 
velocity. 

For turbulent boundary-layers, semi-empirical methods of calculation are 
inevitably used due to the well-known closure problem. Suction coefficients 
in the range of Cq = 0.002-0.004 are sufficient to prevent separation on a 
typical airfoil (Schlichting, 1959; Schhchting and Pechau, 1959). Optimally, 
the suction should be concentrated on the low-pressure side of the airfoil just 
a short distance behind the nose where, at large angles of attack, the largest 
local adverse pressure gradient occurs. 



Passive Suction. For the high-speed, shock-boundary-layer interaction case, 
a passive porous surface can be used to mitigate the local pressure gradients 
and obviate separation as well as reduce wave drag/shock losses (Bahi et aL, 
1983; Savu and Trifu, 1984; Nagamatsuet al., 1985; 1987; Raghunathan, 1985; 
Stanewsky and Krogmann, 1985; BarnweU et al., 1985; Koval’nogov et al., 
1987) in both transonic and supersonic flows (Bauer and Hernandez, 1988). 
The basic device is an empty subsurface plenum covered by a porous surface 
and located underneath the shock-boundary-layer interaction region. Such 
a passive porous surface allows mass to self-bleed from downstream of the 
shock to upstream, resulting in a more gradual viscous-inviscid interaction, a 
series of weaker shock waves and reduced pressure gradients. Flow separation 
is then delayed and wave drag is minimized. Suction implemented via passive 
bleed is employed as an integral part of the technologically important case of 
high-speed inlet design (Delery, 1985; Viswanath, 1988). 



Suction Optimization. Flow separation control by suction is the other 
conventional technique which, along with blowing, is within the capacity of 
contemporary CFD for design and optimization via tailored and perhaps dis- 
tributed flow proflles and is well reviewed in readily available literature. Suc- 
tion can be instituted via active or passive systems, with the boundary-layer 
diverter constituting the reductio ad absurdum. The parameter space for sepa- 
ration control by suction (or injection) includes: distribution of mass transfer 
location vis-a-vis adverse pressure gradient regions; spatial distribution (dis- 
crete, continuous); exit orientation; tailoring of orifice velocity profiles; active 
or passive source/sink; and distribution of suction/mjection both chordwise 
and spanwdse. 

In summary, studies of suction control at high speeds indicate that suc- 
tion holes should probably be inclined in the upstream direction (Purohit, 
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1987); that upstream control is less effective than direct control of the sep- 
arated flow region; and that optimum distributed suction requires several 
independent plenum chambers to avoid local backflow and consequent loss of 
suction control. An additional possibility for high-speed flows is to ut iliz e the 
embedded near- wall spanwise vortex structure associated with swept shocks 
to remove the inner portion of the incident boundary layer (S. M. Bogdonoff; 
private communication). This may require provision of an additional control 
shock upstream of the interaction. 

The increased interest in, and favorable flight experience with, hybrid lam- 
inar flow control (where suction is employed in the leading-edge region ahead 
of wing box) has revived interest in suction control for the subsonic case. 
Preliminary studies indicate that the LFC suction system for cruise apphca- 
tion is not incompatible with leading-edge region suction separation control 
or high-lift requirements for both CTOL and SST (supersonic transport) ap- 
phcations. Fhght experiments of leading-edge suction systems for high lift 
(e.g.. Hunter and Johnson, 1954) and LFC (Hefner and Sabo, 1987) do not 
indicate any stoppers. A combined approach has considerable promise, using 
the same suction surface and system for both LFC at cruise and leading- 
edge-region high lift for takeoff and landing. For LFC, there is the added 
benefit of eliroinating the joints, etc., associated with conventional leading- 
edge, variable-geometry devices. 



Wall Heat Transfer. The third term in Equation (17) points to yet another 
method to delay boundary-layer separation. By transferring heat from the 
wall to the fluid in liquids or from the fluid to the wall in gases, this term adds 
a negative contribution to the curvature of the velocity profile at the wall and, 
hence, causes the separation point to move farther aft. If the surface of a body 
in a compressible gas is cooled, the near-wall fluid will have larger density 
and smaller viscosity than that in the case with no heat transfer. The smaller 
viscosity results in a fuller velocity profile and higher speeds near the wall. 
Combined with the larger density, this yields a higher momentum for the near- 
wall fluid particles and, hence, the boundary layer becomes more resistant 
to separation. Although this method of control has been successfully applied 
to delay transition in both water and air flows, its use to prevent separation 
has been demonstrated only for high-speed gaseous flows. These effects are 
confirmed via the analytical results of Libby (1954), Illingworth (1954), and 
Morduchow and Grape (1955). Ekperimental verification is provided by the 
work of Gadd et al. (1958), Bernard and Siestrunck (1959), and Lankford 
(1960; 1961). Excellent summaries of the problem of heat transfer effects on 
the separation of a compressible boundary layer are available in Gadd (1960) 
and Chang (1970; 1976). 

Active separation control by wall coolmg in air is straightforward. The 
technique might be particularly appropriate for high-altitude, long-endurance 
vehicles (HALE) having thick, low-Reynolds-number wings and cryogenic fuel 
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to provide the requisite heat sink (e.g., BauUinger and Page, 1989). Unfortu- 
nately the method is mainly restricted to cryogenically-fueled aircraft. This 
makes it particularly appropriate for hypersonic applications such as shock- 
boundary-layer interactions on hydrogen-fiieled vehicles. Cooling in air works 
according to both experiment and theory for low (Macha et al., 1972; Lin and 
Ash, 1986) as well as high (Spaid, 1972; Ogorodnikov et al., 1972) speeds. 

In liquids, surface heating lowers the near- wall viscosity but the density 
remains essentially unchanged. Using simple as 5 rmptotic analysis of the cou- 
pled energy and moment um equations, Aroesty and Berger (1975) compared 
the effectiveness of wall heating to suction as a means of delaying separation 
for a prescribed adverse pressure gradient in a water boundary layer. They 
concluded that surface heating can be used in water to delay separation some- 
what. However, it seems that this analytical result has not been confirmed 
experimentally. 

In addition to surface heating/cooling, several other methods are available 
to establish a viscosity gradient in a wall-bounded flow and thus to affect 
the location of separation. These include as indicated earlier film boiling, 
cavitation, subhmation, chemical reaction, wall injection of a secondary fluid 
having lower/higher viscosity, and the introduction into the boundary layer 
of shear-thinning/shear-thickening additive. 

6.4 Moving Walls 

The moving- wall effects can be exploited to postpone separation. For a surface 
moving downstream, the relative motion between the waU and the freestream 
is minimized and thus the growth of the boundary layer is inhibited. Further- 
more, the surface motion injects additional momentum into the near-wall 
flow. Prandtl (1925) demonstrated the effects of rotating a cyhnder placed in 
a uniform stream at right angles to its axis. Separation is completely elimi- 
nated on the side of the cyhnder where the wall and the freestream move in 
the same direction. On the other side of the cylinder separation is developed 
only incompletely. In fact, for high enough values of circulation, the entire 
flow field can be approximated by the potential flow theory. The asymmetry 
causes a force on the cylinder at right angle to the mean flow direction. This 
important phenomenon, known as the Magnus effect (Magnus, 1852; Swan- 
son, 1961), is exploited in several sport balls (Mehta, 1985a) and even in an 
experimental device used for propelling ships, known as the Flettner’s (1924) 
rotor. 

From a practical point of view, wall motion for body shapes other than 
circular cylinders or spheres is prohibitively comphcated, although it is fea- 
sible to replace a small portion of the surface of, say, an airfoil by a rotating 
cyhnder thus energizing the boundary-layer and avoiding separation ( Alvarez- 
Calderon, 1964). Rotating cylinders have been successfully employed to delay 
separation at the leading and tr ailing edges of airfoils and control surfaces 
(Johnson et al., 1975; Mokhtarian and Modi, 1988; Mokhtarian et al., 1988a; 
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1988b; Modi et aL, 1989) at flap junctures (Alvarez-Calderon, 1964; Lee, 
1974; Tennant et aL, 1975; Modi et al., 1980), and in diffusers (Tennant, 
1973). Critical parameters include rotational speed and cylinder-to-fixed sur- 
face gap. 

Ffight tests were conducted on an YOV-lOA STOL-type aircraft Lav- 
ing flaps with rotating cylinders at their leading edges (Cichy et al., 1972; 
Weiberg et al., 1973; Cook et al., 1974). With the flaps in lowered petition, 
the cyhnders were rotated at high speed and hft coefficients as high as 4.3 
were recorded at a modest flying speed of 30 m/sec along approaches up to 
—8°. Modi and his colleagues (Modi et al., 1981; Mokhtarian and Modi, 1988) 
carried out a comprehensive wind tunnel test program involving a family of 
airfoils each having one or more rotating cylinders located at the leading 
edge, the trailing edge or the upper surface, as sketched in Figure 8. Under 
optimum conditions, the lift coefficient increased by as much as 200% and 
the stall angle was delayed to 48°. 



Leading- Edge 
Cylinder 




Trailing-Edge 

Cylinder 



Upper-Surface Cylinder 



Fig. 8. Various rotating cylinder configurations used to increase lift and delay stall 
of an airfoil 



Recently, Modi et al. (1990) extended the concept of moving surface 
boundary-layer control to reduce the drag of land vehicles. On a scale-model 
of a typical tractor-trader truck configuration having a splined rotating cylin- 
der at the top leading edge of the trailer (Figure 9), drag was lowered by as 
much as 27%, when the cylinder surface velocity was 3.7 t im es the freestream 
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speed. Modi et al. maintain that this separation control concept is essentially 
semi-passive in character requiring negligible amount of power for its imple- 
mentation. 



u. 





u. 
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Fig. 9. Tractor-trailer truck with rotating cylinders 



Creating a wall-slip layer biases the mean flow such that a larger pressure 
gradient can be tolerated before separation occurs. There are essentially two 
techniques for estabhshing a shp layer on the wall to mitigate separation. 
The first of these is to actually translate the wall itself, e.g., moving belts 
or embedded rotating cylinders as discussed above. The other approach is 
the estabhshment of stabihzed cavity vortex flows. Either small-scale (Migay, 
1960a; 1960b; 1961; 1962a; 1962b; 1962c; Stull and Velkoff, 1975; Howard 
and Goodman, 1985) or large-scale (Ringleb,1961; Adkms, 1975; Adkins et 
ah, 1980; Burd, 1981; Chow et al., 1985; Krall and Haight, 1972; Haight 
et al., 1974) vortex stabilization is necessary, otherwise the trapped vortex 
will generally periodically shed downstream causing disrupted operation and 
higher drag and losses. Stabilization techniques include injection (Krall and 
Haight, 1972; Haight et al., 1974); suction (Adkins, 1975; 1977; Adkins et al., 
1980; Burd, 1981; Chow et al., 1985); and/or viscous forces via low-cavity- 
Reynolds number (e.g., Howard and Goodman, 1985). The vortex flap is the 
latest version of such a device. These slip-layer separation control techniques 
work for moderately separated flows, but in extreme cases reverse flow can 
stiU occur away from the surface (Zhuk and Ryzhov, 1980). 



6.5 Time-Dependent Separation 

For time-dependent flows, the separation point is no longer stationary but 
rather moves along the surface of the body. In analogy to the moving wall 
case, unsteady separation is (temporally) postponed when the separation 
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point moves upstream as is the case on the suction side of an airfoil undergo- 
ing a pitching motion from small to large angles of attack. Conversely, when 
an airfoil is pitched from large to small attack angle, the separation point 
on the suction side moves downstream and separation is advanced, much the 
same as the case of a wall moving upstream. 

An airfoil osciUating sinusoidally through high angles of attack can pro- 
duce very high lift coefficients and maintain flow attachment well beyond 
static stall attack angles (McCroskey, 1977; 1982). During the upstroke, the 
separation point moves upstream and reverse flow exists in an attached and 
mathematically well-behaved boundary layer. The global aerodynamic prop- 
erties of a pitching airfoil are strongly influenced by the local unsteady sep- 
aration. Sudden changes of hft, drag, and pitching moment occur near the 
onset of separation and the spillage of a leading edge vortex. These effects 
are particularly significant at high frequencies and large amphtudes. Moment 
stall is observed when the reverse-flow region extends over most of the airfoil 
and a large-scale vortex is formed near the leading edge. A discontinuous in- 
crease hi circulation is associated with the spilled vortex. During this phase 
of the cycle, lift continues to increase. Lift stall follows moment stall and 
occurs when the separation vortex reaches the latter half of the airfoil and 
a double-peaked pressure distribution results on the suction side. In other 
words, the suction on the upper surface of the airfoil continues to increase 
at the initial stages of separation, and a sudden decrease in suction does not 
occur until the leading edge is in the wake of separation. 

Similar phenomena are observed on three-dimensional lifting surfaces un- 
dergomg pitching motion (Gad-el-Hak, 1986a; 1988a; 1988b; Gad-el-Hak and 
Ho, 1986a). For highly swept wings, both steady as well as unsteady flows 
are vortex dominated. The latter flow is characterized by the existence of un- 
steady large- and small-scale vortices that go through a growth-decay cycle 
with hysteresis during each period (Gad-el-Hak and Ho, 1985; 1986b; Kandil 
and Chuang, 1988; Atta and Rockwell, 1990; Huyer et al, 1990). 

According to Ericsson (1967; 1988), the forces on an airfoil oscillating in 
pitch will deviate from the static forces realized at the instantaneous angle of 
attack due to the superposition of two effects. First, the frequency-induced 
normal velocity distribution over the airfoil. This so-called q effect can be vi- 
suahzed as a frequency-induced camber. Secondly, the effect of attack angle 
rate of change, the so-called d effect. This can be visualized as a frequency- 
induced change of the mean velocity vector or plunging. During the upstroke, 
a pitching airfoil will appear as having a positive camber and as plunging. 
According to the unsteady Bernoulli’s equation, the local pressure gradient is 
less adverse in the dynamic case. Thus, the boundary layer at a particular a 
during the upstroke has a more favorable upstream time history as compared 
to the static case. The opposite effects take place during the downstroke. 
Insects, most of whom mate and eat while airborne, exploit unsteady separa- 
tion effects to achieve remarkable aerodynamic characteristics. The dragonfly, 
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in existence for approximately 250 million years, presumably survived innu- 
merable life and death aerodynamic struggles (Luttges et aL, 1984; Luttges, 
1989). The enviably large lift coefficients generated by the chalcid wasp dur- 
ing hovering suggest the existence of an efficient unsteady lift generation 
mechanism (Weis-Fogh, 1973; Lighthill, 1973; Maxworthy, 1979; 1981). 

6.6 Three-Dimensional Separation 

Three-dimensional boundary layers are more common in praetical flow sit- 
uations than two-dimensional ones. Bodies of revolution at some angle of 
attack, flow near wing tips, turbine blades, pump impellers, and low-aspect- 
ratio wings are examples of flow flelds in which three-dimensional effects 
dominate. As mentioned earlier, the point of boundary-layer separation fi-om 
a three-dimensional body does not necessarily coincide with the point of 
vanishing wall shear. Instead, the shear stress at the wad is equal to zero 
only at a limited number of points along the separation line. The number 
and type of these critical or singular points must satisfy certain topological 
laws (Lighthill, 1963; Tobak and Peake, 1982). The projection of the hmiting 
streamlines as the distance from the wall goes to zero coincides with the skin- 
friction lines on the surface of the body. Oil-streak techniques and the hke are 
usually used to obtain separation and attachment patterns for steady, three- 
dimensional flows (Maltby 1962). A necessary condition for the occurrence 
of flow separation is the convergence of skin-friction lines onto a particular 
hne. Because of the three-dimensionality of the flow, the near-wall fluid may 
move in a direction in which the pressure gradient is more favorable and not 
against the adverse pressure in the direction of the main flow as is the case 
for two-dimensional flows. Consequently, three-dimensional boundary-layers 
are in general more capable of overcoming an adverse pressure gradient with- 
out separation. Three-dimensional rehef of the streamwise adverse pressure 
gradient may be exploited to delay separation. Properly designed corrugated 
trailing edges can provide sufficient easement to postpone the separation at 
higher angles of attack. In nature, three-dimensional serrated geometry is to 
be found in the tr ailin g edges of the fins and wings of many aquatic animals 
and birds (Norman and Fraser, 1937; Lighthill, 1975). For man-made lifting 
surfaces, the same concept was tested in the low-Reynolds-number regime by 
Vijgen et al. (1989). They reported a modest 5% increase in the maximum 
lift-to-drag ratio when triangular serration were added to the traihng edge of 
a natural-laminar-flow airfoil. 

6.7 Tarbulators 

A turbulent boundary layer is more resistant to separation than a laminar 
one and mostly for that reason transition advancement may be desired in 
some situations. In low-Reynolds-number terminology, the transition pro- 
moting devices are called turbulators. For a zero-pressure-gradient boundary 
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layer, transition typically occurs at a Reynolds number based on distance 
from leading edge of the order of 10®. The critical Re below which perturba- 
tions of all wave numbers decay is about 6 x 10^. To advance the transition 
Reynolds number, one may attempt to lower the critical Re, increase the 
growth rate of ToUmien-Schhchting waves, or introduce large disturbances 
that can cause bypass transition. The first two routes involve altering the 
shape of the velocity profile using wall motion, injection, adverse pressure 
gradient, or surface heating in gases or cooling in hquids. The third route, 
exposing the boundary layer to large disturbances, is much simpler to imple- 
ment though more difficult to analyze (Smith and Kaups, 1968; Cebeci and 
Chang, 1978; Nayfeh et al., 1986; Cebeci and Egan, 1989). 

Morkovin (1984) broadly classifies the large disturbances that can cause 
bypass transition into steady or unsteady ones originating into the freestream 
or at the body surface. The most common example is single, multiple or dis- 
tributed roughness elements placed on the waU. The mechanical roughness 
elements, in the form of serrations, strips, bumps or ridges, are typically 
placed near the airfoil’s leading edge. If the roughness characteristic-length is 
large enough, the disturbance introduced is nonlinear and bypass transition 
takes place. For a discrete three-dimensional roughness element of height- 
to- width ratio of one, Tani (1969) reports a transition Reynolds number of 
Res* 300 for a roughness Reynolds number of Re^ 10^. In here. Res* is 
based on the velocity outside the boundary layer and the displacement thick- 
ness {Res* = Uoo and Re« is based on the height of the roughness 

element and the velocity in the undisturbed boundary layer at the height of 
the element {Re^ = u{k) k/i/). Note that the transition Reynolds number, 
Res*, indicated above is below the critical Res* = 420 predicted from the 
hnear stability theory. For a roughness Reynolds number of about 600, tran- 
sition occurs at Res* ~ 10^. For a smooth surface, transition typically takes 
place at Res* ~ 2.6 x 10^. An important consideration when de signing a 
turbulator is to produce turbulence and suppress laminar separation without 
causing the boundary layer to become unnecessarily thick. A thick turbulent 
wall-bounded fiow suffers more drag and is more susceptible to separation 
than a thin one. Consistent with this observation, available data (Figure 10) 
indicates that a rough airfoil has higher lift-to-drag ratio than a smooth one 
for Rec < 10®, but that this trait is reversed at higher Reynolds numbers. 

For low-Reynolds-number airfoils, performance may be improved by re- 
ducing the size of the laminar separation bubble through the use of transition 
ramps (Eppler and Somers, 1985), boundary layer trips (Davidson, 1985; Van 
Ingen and Boermans, 1986), or even pneumatic turbulators (Pfenninger and 
Vemuru, 1990). Donovan and Sehg (1989) provide extensive data using both 
methods for 40 airfoils in the Reynolds number range of 6x 10^-3 x 10® . A long 
region of roughly constant adverse pressure gradient on the upper surface of 
a lifting surface (termed a bubble ramp) achieves a lower drag than the more 
conventional laminar-t 3 q>e velocity distribution in which initially the pressure 
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Fig. 10. Airfoil performance as a function of chord Reynolds number 



remains approximately constant and then quickly recovers. Trips were also 
used to shorten the separation bubble. A simple two-dimensional trip per- 
formed as well or better than zig-zag tape, hemisphere bumps, and normal 
blowing. Donovan and Sehg concluded that an airfoil which performs poorly 
at low Reynolds numbers can be improved through the use of turbulators. 
TAips were less effective, however, at improving airfoils which normally had 
low drag. 

Other large disturbances that could lead to early transition include high 
turbulence levels in the freestream, external acoustic excitations, particulate 
contamination, and surface vibration. These are often termed environmental 
tripping. Transition could also be effected by detecting naturally occurring 
T-S waves and artificially introducing in-phase waves. Transition could be 
considerably advanced, on demand, using this wave superposition principle. 
Early transition could also be achieved by exploiting other routes to turbu- 
lence such as Taylor-Gortler or cross-flow vortices (Taylor, 1923; Gdrtler, 
1955; Gregory et al., 1955; Reed and Saric, 1987; 1989). For example, a 
very mild negative curvature of (0.003/5*) results in the generation of strong 
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streamwise vortices. In this case, transition Reynolds number is lowered from 
Res* « 2600 for the flat-plate case to Res* ~ 700 for the curved surface 
(Tani, 1969). For high Mach number flows, the general decay in spatial am- 
plification rate of T-S waves makes conventional tripping more difficult as the 
Mach number increases (Reshotko, 1976). For these flows, trips that generate 
oblique vorticity waves of appropriate wavelength may be most effective to 
advance the transition location. 

The last issue to be considered in this section is augmentation of the 
turbulence for a shear flow that has already undergone transition. Notwith- 
standing that the turbulence levels and the Reynolds stresses are highest 
immediately following transition (Harvey et al., 1969), the newly developed 
turbulent flow is in general less capable of resisting separation than a corre- 
sponding flow at higher speeds (Lissaman, 1983). Turbulence augmentation 
in the low-Reynolds-number case is then a useful control goal to energize the 
flow and to enhance its ability to resist separation at higher angles of at- 
tack. Roughness will enhance the turbulence, but its associated drag must be 
carefully considered. Other devices to enhance the turbulent mixin g include 
vane-type vortex generators, which draw energy from the external flow, or 
wheeler-type or Kuethe-type generators, which are fuUy submerged within 
the boundary layer and presumably have less associated drag penalty (Rao 
and Kariya, 1988). These and other devices will be detailed in the next sec- 
tion. 

6.8 Momentum Addition to Near- Wall Flow 

Near-wall momentum addition is the usual approach of choice for control of 
residual flow separation remaining after mitigation of the causative pressure 
field or for off-design conditions. Common to aU these control methods is the 
supply of additional energy to the near-wall fluid particles which are being 
retarded in the boundary layer. The additional longitudinal momentum is 
provided either from an external source or through local redirection into the 
wall region. Passive techniques do not require auxiliary power, but do have an 
associated drag penalty, and include intentional tripping of transition from 
laminar to turbulent flow upstream of what would be a laminar separation 
point (Mangalam et al., 1986; Harvey, 1986), boundary-layer fences to pre- 
vent separation at the tips of swept-back wings, placing an array of vortex 
generators on the body to raise the tinbulence level and enhance the mo- 
mentum and energy in the neighborhood of the wall (Mehta, 1985b; Rao and 
Kariya, 1988), rippled trailing edge (Werle et al., 1987), streamwise corruga- 
tions (Mabey, 1988), stepped afterbodies to form a system of captive vortices 
in the base of a blunt body (Kentfield, 1985a; 1985b; Kidd et al., 1990), or 
using a screen to divert the flow and increase the velocity gradient at the 
wall. 

Active methods to postpone separation require energy expenditure. Ob- 
viously, the energy gained by the effective control of separation must exceed 
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that required by the device. In addition to suction or heat transfer reviewed 
in Section 6.3, fluid may be injected parallel to the wall to augment the 
shear-layer momentum or normal to the wall to enhance the mixing rate 
(Horstmann and Quast, 1981). Either a blower is used or the pressure differ- 
ence that exists on the aerod 5 mamic body itself is utilized to discharge the 
fluid into the retarded region of the boundary layer. The latter method is 
found in nature in the thumb pinion of a pheasant, the spht-tail of a falcon, 
or the layered wing feathers of some birds. 

In man-made devices, passive blowing through leading-edge slots and 
trafling-edge flaps is commonly used on aircraft wings, as sketched in Fig- 
ure 11. Although in this case direct energy expenditure is not required, the 
blowing intensity is limited by the pressure differentials obtainable on the 
body itself. Nevertheless, the effect of passive blowing on hft and drag could 
be dramatic. Compared to the clean (no flap) case, when a single trailing-edge 
flap is used the maximum lift is increased by about 175% while the section 
drag at CLmax is increased by more than 180%. The corresponding numbers 
when a double-slotted flap is used are, respectively, 230% and 500%. The 
induced drag, which must be considered in addition to the section drag, is 
proportional to and the total drag, therefore, rises sharply at low aircraft 
speeds. 

Many of the control methods discussed in this section could be used for 
external as well as internal flows. For example, Viets (1980) used an asymmet- 
rical rotating cam embedded in the wall to produce large eddies in a turbulent 
boundary layer with zero- and adverse-pressure gradients. By using this de- 
vice in a wide-angle diffuser, Viets et al. (1981) were able to postpone the 
natural separation and dramatically improve the diffuser’s performance. 



Passive Vortex Generation. Passive momentum addition is most com- 
monly carried out via one of two general approaches, either macro overturning 
of the mean flow using embedded streamwise vortices generated by fixed hft- 
ing surfaces, or Re 5 molds stress amplification which leads to increased cross- 
stream momentum transfer. Conventional passive vortex generators (VGs) 
date from the 1940s (Taylor, 1948a) and are simple, effective and generally 
the first tried as a fix to an existing flow separation problem. Passive VGs have 
been applied, for example, to compressor blades (Staniforth, 1958), diffusers 
(Henry et al., 1956; Feir, 1965; Brown et al., 1968), airfoils (Pearcey, 1961; 
Nickerson, 1986; Bragg and Gregorek, 1987), and the afterbody of aircraft 
fuselages (Calarese et al., 1985; Wortmann, 1987). What these embedded vor- 
tices do is cause overturning of the near- wall flow via macro motions. Fluid 
particles with high streamwise momentum are swept along helical paths to- 
ward the surface to mix with and, to a certain extent, to replace the retarded 
near- wall flow. The vortex influence upon the turbulence can actually be 
debihtating due to streamline curvature-induced stabilization. 

Essentially small-aspect-ratio airfoils mounted normal to the surface, vor- 




48 



Mohamed Gad-el-Hak 



Leading-Edge 

Slat 




Trailing-Edge 

Flap 




Combination 




Pig. 11. Passive blowing through leading-edge slats and trailing-edge flaps 



tex generators’ individual parametrization include planform shape, section 
profile and camber, yaw angle, aspect ratio, and height with respect to the 
boundary-layer thickness. The spatial relationship of the devices is also crit- 
ical, e.g., co-rotating versus contra-rotating bi-plane and wing, use of down- 
stream reinforcers, and spacing. Coimter-rotating vortices force large regions 
of vorticity to rise above the surface and hence are often not as efficient 
as co-rotating devices. However, co-rotating vortices with too close a spac- 
ing undergo mutual vorticity cancellation, therefore spacing is critical in this 
case. 

Nominal guidelines for conventional VGs are given in the papers by Taylor 
(1948b); Henry et al. (1956); and Pearcey (1961): aspect ratio of 0.5-1; rect- 
angular or triangular planform with either simple flat plate or low-Reynolds- 
number airfoil cross-section; yaw angle less than 15° ; and individual height 
on the order of the boundary-layer thickness. For co-rotating devices, the 
spanwise spacing should be greater than 3 times the device height to avoid 
interactive cancellation or annihilation of the vortical structures. The rec- 
ommended nominal spanwise spacing for contra-rotating vortex production 
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devices is on the order of 4-5 device heights. These conventional vortex gen- 
erating devices produce sizable parasitic drag. When employed to handle 
off-design problems, the VGs cause a reduction in cruise performance, un- 
less the devices are retracted when not needed. The papers by Schubauer 
and Spangenberg (1960); Gadetskii et al. (1972); Liandrat et al. (1986); Cut- 
ler and Bradshaw (1986; 1989); Inger and Siebersma (1988); Mehta (1988); 
and Briedenthal and Russell (1988) provide generic studies of vortex genera- 
tor physics and operation. Apphcation to supersonic flows is summarized by 
Gartling (1970). 

Several approaches are now available to optimize the performance of pas- 
sive vortex generators. The first of these is the use of downstream reinforcers; 
which are vortex generators of the same sense located in the path of the 
upstream-generated vortex to maintain the strength of the overturning mo- 
tion (Kuethe, 1973; Wheeler, 1984; Lin and Howard, 1989; Rao and Kariya, 
1988). A second optimization approach is surprisingly recent and consists of 
simply reducing the device height from the order 6 to O [^/5] or less (Rao 
and Kariya, 1988; Lin and Howard, 1989; Lin et al., 1990a). This size reduc- 
tion si gnifi cantly diminishes the parasitic drag and is enabled by the extreme 
fullness of the mean velocity profile in a turbulent boundary layer. In other 
words, with sizable longitudinal momentum levels readily available quite close 
to the surface, it is not necessary to have O [5] devices. Such sub-6 devices 
must be placed closer to the nominal separation location and therefore may 
be less suitable than larger devices for situations where the separation region 
is not relatively localized. 

Alternative approaches for separation control by streamwise vortices are 
the V-shaped cutouts of the NACA’s flush inlet, leading-edge serrations (Har- 
ris and Bartlett, 1972; Soderman, 1972; Barker, 1986) and use of large-scale 
(flow field vs. boimdary-layer scale) vortical motions to control separation on 
highly swept wings. Such motions can be generated by either auxiliary lifting 
devices, e.g. canards, or by simple abrupt planform variations such as wing 
leading-edge extensions (LEXs). Such large-scale vortical motions alter both 
the near-wall momentum and the basic pressure field, generating increased 
hft. Problems with such an approach include vortex bursting, usually caused 
primarily by adverse pressure gradients. Control of bursting is actually con- 
trol of vortices and is a subsidiary problem of separation control hy vortices 
(Vakih, 1990). 



Passive Turbulence Amplification. The fundamental flow separation con- 
trol approach associated with turbulence amphfication is augmentation of the 
cross-stream momentum via Re 5 molds stresses in as much as the overall pres- 
sure rise for incipient separation is directly proportional to the square root of 
the skin-friction coefficient of the undisturbed boundary layer (Hayakawa and 
Squire, 1982). The zeroth order consideration for most separation control is 
to ensure a turbulent rather than laminar boundary-layer state. For Reynolds 
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numbers less than O [lO*^] , this may necessitate use of various boundary-layer 
tripping devices such as roughness and waviness, passive or active mass trans- 
fer, acoustic fields, body vibration, or even elevated freestream disturbance 
levels. 

Once a turbulent boundary-layer fiow is established, large-scale, dynamic, 
transverse vortical entities can be generated to augment the innate turbulent 
Reynolds stress field beyond the usual amplification concomitant with the 
adverse pressure gradients usually associated with separation. Apphcable de- 
vices include transverse cylinders or fiow control rails moimted just above, or 
in the outer part of, the boundary layer (Sajben et ah, 1976). Airfoils with 
chord of the O [^] mounted parallel to the body in the outer part of the bound- 
ary layer and set at angle of attack also generate large transverse dynamic 
vortical motions (Corke et ah, 1980), as can embedded cavity (Hehnholtz) 
resonator surfaces. Dynamic three-dimensional horse-shoe or hairpin eddies 
can be generated in the tip fiow of three-dimensional stubs mounted normal 
to the surface. Except for the fiow control rail, which works quite weU, these 
passive devices have received only limited attention and development for flow 
separation control. 

Howard and Goodman (1985; 1987) recently investigated the effectiveness 
of two passive techniques to reduce flow separation, transverse rectangular 
grooves and longitudinal V-grooves placed in the aft shoulder region of a 
bluff body. Both types of grooves were beneficial m reducing the form drag 
on a body at zero and moderate angles of yaw. Basically, the grooves work 
by redirecting the outer-flow momentum to the near- wall region through the 
three-dimensionalization of a two-dimensional flow. This is an example of 
locally mitigating the adverse pressure gradient through partial boattailing. 
Lin et al. (1990b) extended the longitudinal groove approach to the low- 
speed, two-dimensional rearward-facing ramp. Their closely packed grooves 
resulted in a reduction of the reattachment distance by up to 66%. Selby 
and Miandoab (1990) reported that the base pressure of a blunt traUing- 
edge airfoil with surface grooves increased with increasing groove depth and 
angle. They speculated that minimally attached flow in the grooves is the 
mechanism by which fluid of higher momentum is redirected to the base flow 
region to effect an increase in the pressure. 

Additional turbulence amplification ploys include destabilizing longitudi- 
nal surface curvature in order to increase wall shear, concave for bound- 
ary layers and convex for wall jets (coanda effect). For high speeds, use 
of upstream shock-wave-interaction, which can amplify turbulence signifi- 
cantly (Anyiwo and BushneU, 1982; Zang et al., 1984), also delays separation 
(Schofield, 1985; GoFd Fel’d and Zatoloka, 1979). The use and/or genera- 
tion of freestream turbulence/disturbance fields with intermediate scale mo- 
tions also amplifies turbulence in the boundary layer and delays separation 
(Hoffrnann, 1981; Sasaki and Kiya, 1985; Hoffmann et al., 1988; Isomoto and 
Honami, 1989). 
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Active Wall-Region Momentum Enhancements Active momentum ad- 
dition techniques include streamwise vortex generation via discrete blowing 
or injection, turbulence/Re 3 molds stress amplification through use of dynam- 
ically activated or driven devices, and direct tangential injection of high- 
velocity fluid. The two passive techniques discussed above, vortex generation 
and turbulence amplification, can also be employed via active systems. Of 
particular interest is the use of discrete jet injection for streamwise vortex 
generation. This concept arose in the 1950s (WaUis and Stuart, 1958; Pearcey, 
1961; Kukainis, 1969; Wimpenny, 1970) and is the subject of current research 
(Zhang and Sheng, 1987; Reynolds et al., 1988; Johnston and Nishi, 1989; 
1990; Compton and Johnston, 1991). What is particularly appealing is the 
ability to deploy or retract the vortex generators as required, which elimi- 
nates parasitic drag in the retracted nonblowing condition. The associated 
fluid supply lines operate at high pressure and are thus relatively small. They 
might even be utilizable as structural reinforcement elements. The status of 
research in this area is such that, while it is clear that discrete jets will gener- 
ate vortices and delay separation, the approach has not yet been optimized. 
Research is required to determine optimal injection orientation, spacing, in- 
dividual hole geometry and size, velocity, pressure, and finally location vis- 
a-vis the adverse pressure gradient regions. Papell (1984) addresses vortex 
generation within the injection jet itself. Another use of injection for vortex 
generation is spanwise injection along the leading edges of swept wings for 
upper surface separation control (e.g., Bradley and Wray, 1974). Employ- 
ing spanwise arrays of small, skewed, pitched jets from holes in the surface, 
Johnston and Nishi (1990) have shown that the jets can produce longitudinal 
vortices strong enough to substantially reduce and nearly eliminate a large 
stalled region of a turbulent separated flow. 

A relatively recent development in flow separation control is active turbu- 
lence amphfication in the bounding shear layer for flows already separated. 
The fundamental concept is excitation and, through phasing, enhanced in- 
teraction of large transverse eddy structures near and downstream of the 
separation point, thereby amplifying the mixing in the shear layer bounding 
the separated flow region. This increases entrainment and generally reduces 
the extent of separation. For initially laminar flows, the zeroth order influence 
of dynamic forcing is to both trip transition and enhance the eddy dynam- 
ics of the low-Reynolds-number shear-layer (e.g., Collins, 1979; 1981; MuUin 
et al., 1980; Sigurdson and Roshko, 1985; DeMeis, 1986; Durbin and McK- 
inzie, 1987; Huang et al., 1987; Neuburger and Wygnanski, 1988; Zaman and 
McKinzie, 1989; Bar-Sever, 1989). 

Various dynamic devices have been tried for the initially turbulent flow 
case including acoustic drivers (Bhattacharjee et al., 1985), oscillating em- 
bedded plates, spoilers and flaps (Reisenthel et al., 1985; Roos and Kegehnan, 
1986; Miau et al., 1988; Chen and Shi Ying, 1989; Katz et al., 1989a; 1989b), 
both chordwise and spanwise dynamic blowing (Oyler and Palmer, 1972; Ely 




52 



Mohamed Gad-el-Hak 



and Berrier, 1975; Vakili et aL, 1988; VakUi, 1990), rotating cams (Viets et 
al., 1979; 1981a; 1981b; 1981c; 1984), and even dynamic motions of the en- 
tire body. One of the few large-scale dynamic experiments thus far is also 
one of the earliest (Oyler and Palmer, 1972). The same incremental increase 
in hffc was achieved with only 50% of the blowing mass flow required for the 
steady-state case. What is obvious from the initially turbulent, dynamic-mput 
separation control research thus far is that, once again, the method works. 
What is not so obvious is how well it would work in engineering apphcations 
and the nature and operating range of the optimal dynamic devices. 



Wall Jets. Direct tangential injection, wall jet, was and stfll is the pre- 
ferred and straightforward flow separation control technique which has been 
applied to mihtary flghters and STOL transports. High-pressure air can be 
used enabling relatively small interior lines as opposed to suction control 
which, while generally more energy efficient than blowing at both low and 
high speeds, usually requires larger interior ducting (Gratzer, 1971). In some 
applications, a lighter gas is introduced to reduce the rate at which heat is 
exchanged between the wall and the external stream and, thus, to provide 
thermal protection at high supersonic velocities. 

High-pressure bleed air was readily available from the early jet engines 
but less so for modern high-bypass-ratio turbofans. CFD can now be used to 
design the system and optimize the injection velocity profile for a given mass 
flow for optimal separation delay (see SaripaUi and Simpson, 1980). Perfor- 
mance can be further enhanced by convex longitudinal curvature (coanda 
effect). Tangential blowing is also used to stabilize a trapped vortex, partic- 
ularly in the knee region of wing flaps. The hterature for the steady blowing 
case is both extensive and readily available, with most information dating 
from the 1950s. Separation control by blowing at high speeds is covered in the 
reviews by Delery (1985) and Viswanath (1988). Of possible interest for sep- 
aration control via direct tangential injection is the apphcation of turbulence 
control techniques to reduce the mixing between the injected and incident 
flows and thereby preserve the high near-wall momentum for a larger extent 
downstream (Mclnville et al., 1985). 

Tangential jet blowing over the upper surface of a rounded trailing-edge 
airfoil sets an effective Kutta condition by fixing the location of separation. 
This circulation control concept was initially described by Cheeseman and 
Seed (1967), and a substantial data base has been gathered since then for 
the purpose of performance evaluation (Kind, 1967; Wood and Nielsen, 1985; 
Novak et al., 1987). More recently, McLachlan (1989) conducted an exper- 
imental study of the flow past a two-dimensional circulation control airfoil 
under steady leading/traUing-edge blowing. In the range of chord Reynolds 
numbers of 1.2 x 10®-3.9 x 10®, McLachlan observed a dramatic increase in 
the lift coefficient when trafling-edge blowing was used to control the loca- 
tion of the rear separation points. He reported a gain in the lift coefficient of 
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the order of 80 times the injected momentum coefficient. When leading-edge 
blowing was employed simultaneously, a shght decrease in lift was observed. 

Although not directly related to separation control, jets in the form of 
thin sheets exiting in the spanwise direction from the tips of a straight wing 
can be used to enhance the hft through an effective enlargement of the wing 
span (Wu et al., 1983; 1984; Tavella et al., 1988; Lee et al., 1989; Vakih, 1990). 
This application was &st reported in 1956 by Ayers and Wild, and suggests 
the possibility of using such an arrangement in place of conventional ailerons 
or flaps to alter the aerodynamic forces acting on an aircraft (Tavella et al., 
1986b). Either a single long slot (Lee et al., 1986; Tavella et al., 1986a) or 
several short ones (Wu et al., 1983; 1984) are used along the entire chord at 
the wing tips. The enlargement of the aspect ratio associated with the lateral 
displacement of the tip vortices via blowing leads also to a reduction of the 
induced drag as well as to a beneficial effect on stall. 



Additional Active Control Methods. Other active methods for control- 
ling boundary layer separation and reattachment include the use of acoustic 
excitations (CoUins and Zelenevitz, 1975; Ahuja et al., 1983; Ahuja and Bur- 
rin, 1984, Zaman et al., 1987; Huang et al., 1987), periodic forcing of the 
velocity field via an oscillating flap or wire (Koga et al. 1984; Sigurdson and 
Roshko, 1985; Reisenthel et al., 1985; Roos et al., 1986; Katz et al., 1989a; 
1989b; Bar-Sever, 1989), and oscillatory surface heating (MaestreUo et al., 
1988). 

As early as 1947, Schubauer and Skramstad observed that sound at par- 
ticular frequencies and intensities could enhance the momentum exchange 
within a boundary layer and could, therefore, advance the transition loca- 
tion. CoUins and Zelenevitz (1975) and Collins (1979; 1981) introduced the 
external acoustic excitation technique to enhance the lift of an airfoil. In this 
case, sound is radiated onto the wall from a source outside the boundary 
layer. Using the same technique at chord Reynolds number up to 1 x 10®, 
Ahuja et al. (1983) and Ahuja and Burrin (1984) successfuUy demonstrated 
that sound at a preferential frequency and sufficient amplitude can postpone 
turbulent separation on an airfoil in both pre- and post-stall regimes. The op- 
timum frequency was found to be 4 U^fc (i.e. Strouhal number = 4), where 
Loo is the freestream velocity and c is the airfoil chord. Goldstein (1984) 
speculates that the delay in separation in Ahuja et al.’s (1983) experiment 
resulted from enhanced entrainment promoted by instability waves that were 
triggered on the separated shear layer by the acoustic excitation. 

Zaman et al. (1987) conducted further study of the beneficial interaction 
between external acoustic excitation and the separated flow around an airfoil 
at high angle of attack. They found that the most effective separation control 
is achieved at frequencies at which the acoustic standing waves in their wind 
tunnel induce transverse velocity fluctuations in the vicinity of the lifting 
surface. The loudspeakers used by Zaman et al. (1987) as well as by Ahuja 
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et al. (1983) essentially excited the resonant modes in their respective wind 
tunnels and one of these modes forced the shear layers separating from their 
respective airfoils. Extremely high level of excitation was required, however, 
to maintain these wind tunnel resonance modes, making the external acoustic 
excitation technique impractical for actual apphcations. Zaman et al. (1987) 
speculated that a more effective separation control can be obtained by direct 
introduction of velocity disturbances. 

Huang et al. (1987) introduced the internal acoustic excitation technique, 
in which sound is emanated from a hole or a slot on the surface of a lifting 
surface. The loudspeaker in this case is essentially used as a piston to produce 
localized vorticity perturbations at the leading edge of the airfoil. Recently, 
Hsiao et al. (1990) reported improved aerodynamic performance of a two- 
dimensional airfoil using sound emitted from three narrow wall slots located 
near the leading edge. The sound pressure levels used in their experiment 
was substantially lower than that used externally by other researchers. Addi- 
tionally, a correct Strouhal number scahng was achieved. Hsiao et al. (1990) 
concluded that the enhancement of momentum transport resulting from the 
sound excitation produce a suction peak at the leading edge, an increase of 
lift and a narrower wake, as long as the excitation frequency is locked-in to 
the most unstable frequency of the separated shear layer. 

To directly disturb the velocity field, Koga et al. (1984) used a computer- 
controlled spoiler-like flap m a flat-plate turbulent boundary layer with and 
without modeled upstream separation. They were able to manipulate the 
separated flow region and its reattachment length characteristics by varying 
the frequency, amplitude and waveform of the osciflating flap. Reynolds and 
Carr (1985) offer a plausible explanation, from the viewpoint of a vorticity 
framework, for the experimental observations of Koga et al. It seems that 
the large-scale vortical structures produced by forcing play a major role in 
enhancing mmng and entrainment, thus leading to reattachment. The ac- 
tive flap controls the size of the separated region by providing an additional 
mechanism for removing vorticity from this zone, namely, large-scale vortex 
convection. Recent experiments by Nelson et al. (1987; 1990) seem to con- 
firm that the dominant mechanism of vorticity transport behind an oscillating 
spoiler is convective. 

Periodic forcing of the velocity field has been shown to reduce reattach- 
ment length in both laminar and turbulent flows on a number of other basic 
geometrical configurations (Sigurdson and Roshko, 1985; Roos et al., 1986; 
Katz et al., 1989a; 1989b; Bar-Sever, 1989) At a chord Reynolds number in 
the range of 1 x 10®-3 x lO®, Bar-Sever (1989) used an oscillating wire to 
introduce transverse velocity fluctuations into a separated shear layer on an 
airfoil at high incidence. 
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6.9 Separation Provocation 

Although most of the control methods reviewed thus far are designed to 
prevent separation, under certain circumstances the designer may wish to 
provoke separation. Controlled separation is associated with the formation 
of jets, throttling action in household faucets, and noisy as well as musical 
acoustic effects generated by flow. During takeoff and landing of a supersonic 
aircraft, a freestream flap may be used to provoke leading-edge separation 
followed by reattachment at the leading edge of the flap, thus forming a 
thicker pseudo-body with the desired aerod 5 mamic shape (Hurley, 1961). The 
airfoil has then a relatively high lift coefficient, although its hft-to-drag ratio 
is quite low. 

The detached bow shock forming upstream of a blunt body in supersonic 
flight may be changed into a weaker, attached obhque shock by placing a spike 
in front of the body. The pressure rise and the presence of a solid surface on 
which a boundary layer forms causes the flow to separate downstream of the 
spike tip. A properly designed spike may result in lower drag, higher lift, and 
corresponding change in pitching moment (Wood, 1961). 

Periodic separation may also be provoked by changes in the waU geom- 
etry. Francis et al. (1979) initiated separation on an airfoil by periodically 
inserting and removing a spoiler at the waU. Viets et al. (1984) studied sep- 
aration inducement and control by use of a cam-shaped rotor mounted on 
an airfoil. The cam, either driven or free-wheehng, periodically extended out 
into the flow causing the boundary layer to separate. Large-scale coherent 
spanwise structures were periodically generated and were responsible for the 
flow detachment as explained by Reynolds and Carr (1985). 

On a sharp-leading-edge delta wing, the separation position is fixed and a 
strong shear layer is formed along the entire edge (Lee and Ho, 1989; 1990). 
The shear layer is wrapped up in a spiral fashion, which results in a large- 
bound vortex on each side of the wing. The two vortices appear on the suction 
surface of the wing in the form of an expanding helix when viewed from the 
apex. The low pressure associated with the vortices produces additional lift on 
the wing, often called nonlinear or vortex hft, which is particularly important 
at large angles of attack. The experiments of Gad-el-Hak and Blackwelder 
(1985) have indicated that small discrete vortices are shed parallel to the 
leading edge at a repeatable frequency, determined by the angle of attack 
and Reynolds number. Repeated vortex pairings result in the formation of 
progressively larger vortices. This process can be modulated by weak, peri- 
odic suction/injection through a leading edge slot. In particular, when the 
perturbation frequency is a subharmonic of the natural shedding frequency, 
the evolution of the bounded shear layer is dramatically altered (Gad-el-Hak 
and Blackwelder, 1987a; Blackwelder et al., 1987). 

Wood and Roberts (1986; 1988) examined the feasibihty of vortex control 
by tangential mass injection at the leading edge of a 60° delta wing. Their 
initial experimental results indicate that modest continuous blowing was ca- 
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pable of extending the regime of stable, controlled vortical flow over the upper 
surface of the wing by approximately 30° angle of attack. Increases in max- 
imum normal force of 30% were achieved and signiflcant rolling moments 
were produced at attack angles of 35-60°. On a delta wing with rounded 
leading edges, the blowing seems to control the location of the crossflow sep- 
aration points and hence the trajectories of the ensuing vortices. Wood and 
Roberts (1988) propose that this blowing scheme may be a practical solution 
for changing the normal force without changing attitude, for the production 
of both steady and transient control moments at extremely high angles of at- 
tack, and for increasing the lift-to-drag ratio of very slender bodies at modest 
attack angles. In a recent experiment. Wood et al. (1990) have shown that 
the effects of asymmetric leading-edge blowing are uncoupled at prestall an- 
gl^ of attack. In this case, the overall forces and moments for symmetric 
blowing can be simply deduced by superposition of asymmetric blowing sit- 
uations. On the other hand, the response of the vortical flowfield is strongly 
coupled for as 5 munetric blowing at poststall conditions. Wood et al.’s results 
imply that tangential leading-edge blowing may result in substantial rolling 
moments at conditions where other control devices cease to be effective. 

Controllable leading-edge flaps provide an active method of influencing 
the large vortices on a delta wing (Rao, 1979; Marchman et ah, 1980). These 
devices appear to be capable of improving L/D ratio of a given wing, primar- 
ily through drag reduction. Unlike the control by blowing discussed above, 
the use of flabs results m only a modest improvement in the angle-of-attack 
envelope. 

7 Drag Reduction 

7.1 Introductory Remarks 

Whenever there is relative motion between a sohd body and the fluid m which 
it is immersed, the body experiences a net force due to the action of the fluid. 
The component of this force parallel to the direction of motion is termed the 
drag, and the body will move at a constant speed when the thrust generated 
by its propulsion system is equal to the drag force. The total drag consists of 
s k in friction, equal to the streamwise component of the integral of all shearing 
stresses over the body’s surface, and pressure drag, equal to the streamwise 
component of the integral of all normal forces. Flow Separation is the major 
source of pressure drag with additional contributions due to displacement 
effects of the boundary layer, wave resistance in a supersonic flow or at an 
air/water interface, and drag induced by hft on a flnite body The object 
of this section is to review available methods to reduce the total drag. For 
a vehicle, the reduced drag means longer range, reduced fuel cost/volume, 
higher payload, or increased speed. For pipes and channels, where close to 
100% of the drag is due to skin friction, drag reduction can result in improved 
throughput, reduced piunping power, or reduced duct size and cost. 
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Nature provides numerous instances where drag reduction is essential for 
the survival of many species of air and marine animals. In here, we cite instead 
two examples of the importance of minimizing the drag of man-made vehi- 
cles. At present, the annual fuel bill for all commercial airlines in the United 
States is about $10 bilhon (Heftier, 1988). At subsonic cruising speeds, ap- 
proximately half of the total drag of conventional takeoff and landing aircraft 
is due to skin friction. Hence, a reduction in skin-ftriction drag of 20% trans- 
lates into an annual fuel saving of $1 bilhon. Not only is this a substantial 
sum, but also many believe that a return of the 1973’s energy crisis is in- 
evitable (Phhhps, 1979; Kannberg, 1988). While the world may have another 
100-year supply of natural petroleum, it is estimated that the United States 
supply will be virtually exhausted early in the next century (Nagel et al., 
1975). Fuel conservation is certainly an important tool to ward off fiiture 
shortages. The second example is ft'om the military sector. The amount of 
propulsive power available for an underwater vehicle is limited by the vol- 
ume allocated to its power plant and the efficiency of the various propulsive 
components. For these vehicles, about 90% of the total drag is due to skin 
ftriction. Accordingly, a reduction in skin-ft*iction drag of 20% translates into 
an increase in speed of 6.8%. Although modest, this extra speed may be vital 
for the survival of a submarine being chased by another underwater vehicle. 

Attempts to reduce drag go back to antiquity as mentioned in Section 2. 
Stre amlining and other control methods summarized in Section 6 can elim- 
inate most of the pressure drag due to flow separation. Some form drag re- 
mains, however, even when the flow remains attached to the trailing edge. 
Due to the displacement effects of the boundary layer, the pressure distri- 
bution around the body differs from the symmetric distribution predicted 
by potential flow theory. This remnant drag can be reduced by keeping the 
boundary layer as thin as possible. For a blunt body, passive and active 
methods to reduce wake momentum defect are available (Viswanath, 1995). 
Boundary layer tripping for advancing transition and trailing-edge splitter 
plate for disrupting the vortex formation process are among the passive tech- 
niques to modify the flow field around a bluff body. Continuous or pulsating 
base bleed is used to modify the flow in the separated region. The latter with 
zero net mass addition has been shown to be very effective when pulsating 
at twice the Karman shedding ft:equency (Wilhams and Amato, 1989). 

Wave resistance and induced drag can also be reduced by geometric de- 
sign. By sweeping the wings of a subsonic aircraft, drag divergence is delayed 
to higher Mach numbers, thus allowing the aircraft to fly at higher speeds 
without experiencing a sudden increase in drag. Additionally, the so-called 
area rule or coke-bottle effect typically leads to a factor of 2 reduction in 
wave drag at Mach number of 1 (Whitcomb, 1956). For surface ships, where 
typically half the drag is due to wave resistance, bow and stern bulbs can 
reduce the energy dissipated into waves at the air/ water interface. An even 
simpler solution to reduce wave drag is to operate the ship well below the 
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hull design speed, as is the case for supertankers. The induced drag of an 
aircraft’s wing, about 25% of the airplane’s total drag at subsonic cruising 
speeds, is inversely proportional to its aspect ratio and, hence, a lifting sur- 
face is typically designed with as large an aspect ratio as permissible by 
structural considerations and desired degree of maneuverabihty. E nd plates 
or other vortex diffusers can also be used to further reduce the induced drag. 

Most of the current research efforts are directed towards reducing the 
skin-friction drag, and this topic wiU occupy the remainder of this section. 
According to Bushnell (1983), the leverage in this area of research is quite 
considerable and justifies the study of unusual or high-risk approaches on an 
exploratory basis. 

Let us start by estimating typical Reynolds number for the vehicles whose 
drag is to be minimized. A commercial aircraft traveling at a speed of 300 m/s 
would have a unit Reynolds number of 2 x lO’^/m at sea level and 1 x lO '^/ m at 
an altitude of 10 km. Due to the much smaller kinematic viscosity of water, 
an underwater vehicle moving at a modest speed of 10 m/s (« 20 knots) 
would have the same unit Reynolds number of 1 x 10^/m. 

Three flow regimes can be identified for the purpose of reducing skin 
friction. First, if the flow is laminar, typically at Reynolds numbers based on 
distance from leading edge < 10®, then methods of reducing the laminar shear 
stress are sought. Any or a combination of the following techniques can be 
used to lower the laminar skin friction: wall motion; injection of fluid normal 
to the wall; adverse pressure gradient; wall heating in air; or waU cooling 
in water. Note that any of these methods will promote flow instabihty and 
separation. These tendencies have to be carefully considered when deciding 
how far to go with the attempt to lower Cf. Two other techniques can be 
used to lower laminar skin-friction. Narasimha and Ojha (1967) considered 
the higher order effects of moderate longitudinal surface curvature. Their 
similarity solutions show a definite decrease in skin friction when the surface 
has convex curvature in all cases including zero pressure gradient. Narasimha 
and Ojha attributed the decrease in Cf to the fact that the velocity in the 
potential flow region tends to decrease away from the surface. The second 
technique is used in rarefied gas flows. Appropriate surface preparation could 
be used to introduce a slip velocity at the wall and, thus, lower the tangential 
momentum accommodation coefiicient (Steinheil et al, 1977; Gampert et al, 
1980). 

Secondly, in the range of Reynolds numbers from 1 x 10® to 4 x 10'^, active 
and passive methods to delay transition as far back as possible are sought. 
These techniques were reviewed in Section 5, and can result in substantial 
savings. As shown in Figui-e 5, the skin-friction coefiicient in the laminar flat 
plate can be as much as an order of magnitude less than that in the turbulent 
case. Note, however, that aU the stability modifiers discussed in Section 5.1 
result in an increase in the skin friction over the unmodified Blasius layer. 
The object is, of course, to keep the penalty below the saving, i.e., the net 
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drag will be above that of the flat-plate laminar boundary-layer but well 
below the viscous drag in the flat-plate turbulent flow. 

Thirdly, for i?e > 4 x 10”^, transition to turbulence cannot be delayed 
with any known practical method without incurring a penalty that exceeds 
the saving. The task is then to reduce the skin-friction coefficient in a tur- 
bulent boundary layer. This topic will be covered in the following section. 
Relaminarization will be covered in Section 7.3, although achieving a net 
saving here is problematic at present. 

For a vehicle with a unit Reynolds number of 1 x 10"^ /m, the first regime 
exists in the first few centimeters and, hence, is of no great consequence. 
Transition delay is feasible on the wing and other appendages of an aircraft 
but not on its much longer fuselage. On the fuselage, where half of the skin- 
friction drag takes place, some alteration of the turbulence structure is sought. 
Short underwater bodies, such as torpedoes, are ideal targets for applying 
transition control methods. On the much longer submarine, these techniques 
are feasible on the first few meters of its surface. Beyond that, turbulence 
drag reduction or relaminarization is sought. 

7.2 Turbulent Flows 

At very large Re 5 molds numbers, transition can no longer be postponed and 
the boundary layer becomes turbulent and, thus, an excellent momentum 
conductor. Such a flow is less prone to separation but is characterized by 
large skin friction. Several techniques are available to reduce the turbulent 
skin-friction coefficient, but only very few are in actual use, the basic reason 
being that the majority of these methods are relatively new and, thus, are 
still in the research and development stage. The various drag reduction meth- 
ods wiU be grouped into three categories: techniques that reduce the near- 
wall momentum; methods involving the introduction of foreign substances; 
and techniques involving the geometry. Three excellent reviews of the vari- 
ous turbulent skin-friction reduction methods are available, BushneU (1983), 
Bandyopadhyay (1986), and Wilkinson et al. (1988). BushneU and McGinley 
(1989) provide a more general article addressing turbulence control in wall 
flows to achieve a variety of desired goals. They summarize the known sensi- 
tivities of wall-bounded flows to various inputs having a first-order influence 
upon the flow structures. 



Reduction of Near-WaR Momentum. Methods of skin-friction drag re- 
duction in turbulent boundary layers that rely on reducing the near-wall 
momentum are reviewed in this section. One brute force way of achieving 
drag reduction is to lower the mean-velocity gradient at the wall or make the 
curvature of the velocity profile there as positive as possible, as was done in 
the laminar case. The influence of waU transpiration, shaping or heat transfer 
on the mean velocity profile is complicated by the additional effects of these 
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modulations on the Reynolds stress term. However, these influences are qual- 
itatively in the same direction as in the simpler laminar case. Thus, lower sMn 
friction is achieved by driving the turbulent boundary layer towards separa- 
tion. This is accomplished by injecting fluid normal to the waU, shaping to 
produce adverse pressure gradient, surface heating in air, or surface coohng m 
water. These methods of control in general result in an increase in turbulence 
intensity (Wooldridge and Muzzy, 1966). 

Although in the reverse flow region downstream of the separation l in e the 
s kin friction is negative, the increase in pressure drag is far more than the 
saving in skin-friction drag. The goal of these methods of control is to avoid 
actual separation, i.e., lower Cf but not any lower than zero (the criterion 
for steady, two-dimensional separation). 

Two additional methods to reduce the near-wall momentum are tangential 
injection and ion wind. In the former, a low-momentum fluid is tangentially 
injected from a wall slot. For some distance downstream, the waU senses 
the lower injection velocity and not the actual freestream. Bushnell (1983) 
terms this situation a wall wake as opposed to a wall jet (used in high lift 
devices to keep the flow attached). Ion wind, generated by an electrode in 
the wall and discharging either to space or to a ground on the waU further 
downstream, causes an increase in the normal velocity component near the 
wall. Since there is no net mass transfer through the surface, the near-wall 
longitudinal momentum is again reduced and the boundary layer is driven 
towards separation (Mahk et al, 1983). The source and amount of power 
to produce a measurable drag reduction are among the outstanding issues 
to be considered with this technique. Among the possibilities is the use of 
the natural buildup of static electricity on an aircraft which at present is 
dissipated at discharge points to avoid large-scale arcing. 

In the case of tangential or normal injection, the source of fluid to be in- 
jected is important. Large ram drag penalty is associated with using freestream 
fluid, and reaching a break-even point is highly problematic. A lower loss 
source is fluid withdrawn from somewhere else to control transition or sepa- 
ration, for example from the win^ and empennage of an aircraft. This point 
will be discussed further in a later subsubsection. 

Howard et al. (1975) conducted finite-difference calculations to show the 
effect of single- and multi-slot injection on skin-friction drag of a fuselage 
shape typical of long-haul subsonic transport. The beneficial effect of injection 
is most pronounced immediately downstream of the slot exit and diminishes 
with distance from the slot. Performance deterioration is clearly a result of 
the mixing between the low-momentum slot flow and the high-momentum 
boundary-layer flow. Note, however, that the asymptotic level of skin friction 
with multi-slots is lower than that in the unperturbed flow. Without taking 
into account the system penalties for collecting, ducting, and injecting the 
secondary flow, Howard et al. (1975) computed a reduction in total skin- 
friction drag of the order of 50%. They maintain that further optimization 
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may provide even greater skin-friction reductions to help compensate for 
system losses. 



Introduction of Foreign Substance. Turbulent skin-friction drag can be 
reduced by the addition of several foreign substances. Examples include long- 
chain molecules, surface-active agents and microbubbles in liquid flows, and 
small solid particles or flbers in either gases or liquids. In general, the addition 
of these substances leads to a suppression of the Reynolds stress production in 
the buffer zone that links the linear and the logarithmic portions of the mean 
velocity profile. Thus, the turbulent mixing is inhibited and a consequent 
reduction in the viscous shear stress at the waU is achieved. 

Drag reduction by solutions of macromolecules (molecular weight > 10^) 
is perhaps the more mature technology with close to 5000 research papers in 
existence (Virk, 1975; White and Hemmings, 1976; Hoyt, 1979; Hendricks et 
ah, 1989; Nadolink and Haigh, 1995). Toms (1948) observed that the addition 
of few parts per million of polymethyl methacrylate to a turbulent pipe flow of 
monochlorobenzene reduced the pressure drop substantially below that of the 
solvent alone at the same flow rate. SuccessM long-chain molecules for water 
flow include carboxymethyl cellulose, guar gum, copolymer of polyacrylamide 
and polyacryhc acid, and polyethylene oxide. Skin-friction drag reduction of 
up to 80% is possible in both external and internal flows with 100 ppm or 
less of the largest molecules. 

The viscosity of these dilute solutions of polymers is typically 10% higher 
than that of the solvents, although most polymer solutions are detectably 
shear thinning at higher concentrations (Berman, 1978). The polymer mole- 
cules at rest are in the form of spherical random coUs in which each monomer 
is joined to the preceding one at a random angle. The onset of drag reduction 
is associated with the expansion of these coils outside the viscous sublayer. 
Hinch (1977) asserts that this unfolding explains the dramatic effects of few 
parts per million (by weight) on the drag. The effective hydrodynamic volume 
fraction shows large concentration once the polymer molecules are stretched. 
Therefore, it is the volume fraction of spheres just enclosing the separate 
pol 5 miers rather than the weight which is the appropriate measure of the 
added substance. 

When the macromolecules are coiled, the viscosity of the dilute solution 
changes by a few percent, while if they are hilly stretched the apparent viscos- 
ity increases by several orders of magnitude. Onset of drag reduction occurs 
when DmUt/i' = 0.015, where Dm is the effective molecular diameter. This 
diameter is about two orders of magnitude less than the shortest dynamically 
significant length in a typical turbulent flow (Virk et al., 1967; Lumley, 1969). 
Numerous experiments have indicated that the drag reduction is associated 
with a thickening of the buffer layer and a corresponding shift of the logarith- 
mic part to accommodate the larger buffer zone (Reischman and Tiederman, 
1975). The effect of the additive may then be represented as a virtual shp at 
the wall (Virk et al., 1967). 
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The percentage drag reduction increases as the polymer concentration is 
increased and the buffer layer is thickened. This process tends to an asymp- 
tote when the buffer layer reaches the center of the pipe or the edge of the 
boundary layer. As the Reynolds number is increased at a given concentra- 
tion, a second li mit in drag reduction is reached when the macromolecules 
become hilly stretched. Moreover, degradation or breaking of the molecules 
by the flow occurs at sufficiently high strain rates, with a consequent loss of 
the abihty to reduce the drag (Berman and George, 1974). Because of this 
latter point, care has to be exercised when mixing the macromolecules into 
the solvent as well as when dehvering the solution into the flow. 

By injecting the polymer in different regions of the boundary layer, WeUs 
and Spangler (1967), Wu and T uli n (1972) and McComb and Rabie (1979) 
have shown that the additive must be in the wall region for drag reduction to 
occur. Rirthermore, the channel flow experiments of Tiederman et al. (1985) 
have clearly demonstrated that drag reduction is measured downstream of 
the location where the additives injected into the viscous sublayer begin to 
mix in significant quantities with the buffer region, i.e., IQ <Ury/v < 100. 
At streamwise locations where drag reduction does occur, the dimensionless 
spanwise streak spacing increases and the average bursting rate decreases, 
although the decrease in bursting frequency is larger than the corresponding 
increase in low-speed streak spacing. Tiederman et al. (1985) conclude that 
the polymers have a direct effect on the flow processes in the buffer region 
and that the linear sublayer appears to have a rather passive role in the 
interaction of the inner and outer portions of a turbulent wall layer. 

Many mechanisms have been proposed to explain the experimental obser- 
vations. Notable among these is the work of Lumley (1973; 1977), Landahl 
(1973; 1977), and the more recent quantitative theory by Ryskin (1987). Ac- 
cording to Lumley’s model, the macromolecules are expanded outside the 
viscous sublayer due to the fluctuating strain rate. The resulting increase in 
effective viscosity damps only the small dissipative eddies. The suppression 
of small eddies in the buffer layer leads to iucreased scales, a delay in the 
reduction of the velocity profile slope, and consequent thickening of the wall 
region. In the viscous sublayer, the scales remain unchanged since the effec- 
tive viscosity of the dilute solution in steady shear is only slightly affected. 
In the buffer zone, the scales of the dissipative and energy containing eddies 
are roughly the same and, hence, the energy containuig eddies will also be 
suppressed resulting in reduced momentum transport and reduced drag. 

Lumley’s more conservative general hypothesis is not incompatible with 
Landahl’s specific, rather speculative mechanism (Lumley and Kubo 1984). 
The polymer suppresses the small eddies responsible for the inflectional pro- 
file and the secondary mstabihty in the buffer zone. Kim et al. (1971) have 
shown that the greatest turbulent kinetic energy production for a Newtonian 
boundary layer occurs near the beginning of the buffer zone at ?/ « 12p/ut. 
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A sharp maxiirmnn in the turbulent intensity, Vv^, occurs at the same loca- 
tion. For a dilute solution of drag-reducing polymer, the peak of moves 
away from the wall and becomes much broader as compared to the solvent 
alone. Production of Reynolds stress in this important buffer zone is, thus, 
diminished. 

The use of drag-reducing polymers in pipe lines is cost effective in some 
applications. When it was discovered that the winter coohng of crude oil in 
the Alaskan Pipeline had been underestimated, polymer additives offered an 
inexpensive alternative to increasing the number or power of the pumping 
stations. Long-chain molecules are presently used in waste-disposal plants, 
fire-fighting equipment and high-speed water-jet cutting. For surface ships 
or underwater vehicles practical considerations include cost of polymer, how, 
with what, and when to mix it, as well as how to eject it into the boimdary 
layer, i.e. using pumps or pressurized tanks, through slots or porous surfaces, 
etc. A very important additional consideration is the portion of the payload 
that has to be displaced to make room for the additive. Oil companies appear 
to have concluded that the use of polymer for supertankers is just at the 
break-even point economically. For submarines and torpedoes, where space 
is a prime consideration, it seems that the volume occupied by the additive 
is a more important obstacle to its routine use. 

Other substances that can be added to a clear fluid to reduce the skin- 
friction drag include surfactants (Savins, 1967; Patterson et al, 1969; Zakin et 
al., 1971; Aslanov et al, 1980), microbubbles (McCormick and Bhattacharya, 
1973; Bogdevich and Mal 3 oiga, 1976; Bogdevich et al., 1977, Madavan et 
al., 1984; 1985; Merkle and Deutch, 1985; 1989), large length-to-diameter 
particles, e.g. fibers, (Ho 5 rt, 1972; Lee et al., 1974; McComb and Chan, 1979; 
1981), and spherical particles (Soo and Trezek, 1966; Pfeffer and Rosetti, 
1971; Radi, 1974; Radin et al., 1975; Povkh et al, 1979). Lumley (1977; 
1978) argues that the same mechanism discussed in conjunction with the 
polymer case governs the interaction of most of these substances with the 
turbulent boundary layer. The additives affect only the dissipative scales of 
the turbulence and thus increasing the scales of dissipation in the buffer 
layer. The energy containing eddies are also suppressed and, consequently, 
the momentum transport is reduced. 

A surface-active substance, such as soap, is that which when dissolved 
in water or in an aqueous solution reduces its surface tension. The major- 
ity of surfactants appear to reduce the turbulent skin-friction drag only in 
the presence of electrolytes. These additives are stable against mechanical 
destruction, a certain advantage over polymer molecules which break down 
when the strain rate is sufficiently high. Although drag-reducing polymer 
flows undergo transition at a lower Reynolds number than Newtonian flows 
(Lumley and Kubo, 1984), some recent experiments indicate that surfactants 
are very effective in delaying laminar-to-turbulence transition (A. J. Smits, 
private communication; Sabadell, 1988). 
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The idea of placing a t hin layer of gas between the wall and its water 
boundary layer dates back to the last century Substantial drag reductions 
are potentially possible due to the lower density of the gas. Unfortunately 
the various instabilities associated with gas/liquid interface result in drag in- 
crease. Ektremely small gas bubbles (microbubbles) injected through a porous 
wall or produced by electrolysis do not suffer from the stability problems of 
a gas film and result in skin-friction reduction as high as 80%. Maximum 
reduction is obtained when the gas volume fraction approaches the bubble 
packing limit. Skin friction is reduced because of the substantially lower den- 
sity and also because of the usual increase in bulk viscosity due to particles 
(Batchelor and Green, 1972), which damps the small scale motions m the 
buffer layer. Legner (1984) presents a simple phenomenological model to pre- 
dict microbubble drag-reduction in turbulent boundary layers. Application 
of the microbubbles technique for surface ships is quite feasible. Compressed 
atmospheric air is injected through a micro-porous skin over portions of the 
hull. This has the additional advantage of reducing fouling drag and foul- 
ing maintenance costs, since water is kept away from the hull surface. The 
situation is different for underwater vehicles. There, a source of air is not 
readily available and using electrolysis for bubble production will not yield 
net energy saving. Moreover, the presence of bubbles may adversely affect 
the flow-induced noise, an important consideration for naval vehicles. 

Spherical or large length-to-diameter particles can be used in both air and 
water flows. For spherical particles, drag reduction of up to 50% is feasible for 
certain parameter values, although drag increase is also possible. Heavy but 
small particles may reduce the drag by inducing a stable density stratification 
near the wall thus driving the turbulence towards relaminarization. Lighter 
particles that are large enough to interact with the smallest turbulence scales 
reduce the drag through the same mechanism as in the polymer case, i.e. 
suppressing the dissipative eddies and increasing the scale of dissipation. 

McComb and Chan (1981) report up to 80% drag reduction using the 
naturally occurring macro-fiber chrysotile asbestos dispersed at a nominal 
concentration of 300 ppm by weight in a 0.5% aqueous solution of Aerosol OT. 
The individual fibrils of chrysotile asbestos have a mean diameter of 40 nm 
and a mean length-to-diameter ratio in an undegraded suspension in the 
range of 10^-10'^. Like polymers, macro-fibers readily break dowm (McComb 
and Chan, 1979) and have to be carefully dispersed into the solvent and 
delivered to the boundary layer. In principle, fibers can also be used in gases, 
although their drag-reduction potential has yet to be demonstrated. 



Methods Involving Geometry. Under this classification are some of the 
most recently researched techniques to reduce the turbulent skin-friction 
drag. These include large eddy breakup devices, riblets, comphant surfaces, 
wavy walls, and other surface modifications. The book edited by BushneU 
and Hefiier (1990) offers comprehensive reviews of these and other drag re- 
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duction strategies. With few exceptions, there is httle theoretical basis for 
how these geometrical modifications affect the skin friction and most of the 
present knowledge comes from experiments. Needless to say, the lack of an- 
alytical framework makes optimization for a given flow condition as well as 
extension to other flow regimes very tedious tasks. 

The large eddy breakup devices (LEBUs) are designed to sever, alter or 
break up the large vortices that form the convoluted outer edge of a turbu- 
lent boundary layer. A typical arrangement consists of one or more splitter 
plates placed in tandem in the outer part of a turbulent boundary layer. It 
is of course very easy to reduce substantially the skin friction in a flat-plate 
boundary layer by placing an obstacle above the surface. What is difficult 
is to ensure that the device’s own skin-friction and pressure drags do not 
exceed the saving. The original screen fence device of Yajnik and Acharya 
(1978) and the various sized honeycombs used by Hefner et al. (1980) did 
not yield a net drag reduction. In low-Reynolds-number experiments, very 
thin elements placed parallel to a fiat plate have a device’s total drag that 
is nearly equal to laminar skin friction. A net drag reduction of the order of 
20% is feasible with two elements placed in tandem with a spacing of O [10 
(Corke et al. 1980; 1981). These ribbons have typically a thickness and a 
chord of the order of 0.01^ and 8, respectively, and are placed at a distance 
from the wall of 0.8^. Several experiments report a more modest drag reduc- 
tion (Hefner et al, 1983) or even a drag increase, but it is believed that a 
slight angle of attack of the thin element can result in a laminar separation 
bubble and a consequent increase in the device pressure drag. Flat ribbons at 
small, positive angles of attack produce larger skin-friction reductions. This 
is consistent with the analytical result that a device producing positive hft 
away from the wall is more effective (Gebert, 1988). In any case, a net drag 
reduction should be achievable, at least for devices having chord Reynolds 
numbers < 10®, if extra care is taken to polish and install the LEBU. 

Net drag reduction has been documented even in the presence of favor- 
able or adverse pressure gradient in the main flow (Bertelrud et al., 1982; 
Plesniak and Nagib, 1985). Additionally, Anders and Watson (1985) have 
demonstrated that an LEBU having an airfoil shape is nearly as effective in 
reducing the net drag as a flat ribbon. A wing is several orders of magnitude 
stiffer than a thin ribbon, a certain advantage for extending the technique 
to field conditions. At flight Reynolds and Mach numbers, the possibility of 
paying for transitional or turbulent skin-friction as well as wave drag on the 
device itself is real (Anders et al., 1984; 1988) and achieving net drag reduc- 
tion in this circumstance is problematic at present (Anders, 1990). For an 
airplane, an LEBU is likely to take the form of a ring around the fuselage. 

Two analytical attempts to explain the mechanisms involved with the 
large eddy breakup devices are noted in here. Basically, the LEBU acts as 
an airfoil on a gusty atmosphere and a vortex unwinding mechanism is ac- 
tivated. Dowling’s (1985) inviscid model indicates that the vorticity shed 
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from the LEBU’s trailing edge as a result of an incident line vortex con- 
vected past the device tends to cancel the effect of the incoming vortex and 
to reduce the velocity fluctuations near the wall. Atassi and Gebert (1987) 
and Gebert (1988) model the incoming turbulent rotational flow as two- or 
three-dimensional harmonic disturbances. They use the rapid distortion apH 
proximation and unsteady aerodynamic theory to compute the fluctuating 
velocity downstream of thin-plate and airfoil-shaped devices. The fluctuating 
normal velocity component is most effectively suppressed for a range of fre- 
quencies that scales with the freestream velocity and the device chord. This 
important result determines the optimum size of an LEBU by selecting this 
frequency range to correspond to that of the large-scale eddies in a given 
turbulent boundary layer. 

The second geometrical modification is the riblets. Small longitudinal stri- 
ations in the surface, interacting favorably with the near-wall structures in 
a turbulent boundary layer, can produce a modest drag reduction in spite of 
the increase in surface area. The early work employed rectangular fins with 
height and spacing of O [100 jy/tiT-]. The turbulent bursting rate was reduced 
by about 20% and a modest 4% net drag reduction was observed (Liu et 
al., 1966). In a later refinement of this technique, Walsh and his colleagues 
at NASA-Langley examined the drag characteristics of longitudinally ribbed 
surfaces having a wide variety of fin shapes that included rectangular grooves, 
V-grooves, razor blade grooves, semi-circular grooves, and alternating trans- 
verse curvature (Walsh and Weinstein, 1978; Walsh, 1980; 1982; 1983; 1990; 
Walsh and Lindemann, 1984). A net drag reduction of 8% is obtained with 
V-groove geometry with sharp peak and either sharp or rounded valley. Op- 
timum height and spacing of the symmetric grooves are about Ihv/ur. Al- 
though these dimensions would be extremely small for the typical Reynolds 
numbers encountered on an airplane or a submarine (peak-to-vaUey height 
~ 35 /xm ), such riblets need not be machined on the surface. Thin, low 
specific gravity plastic films with the correct geometry on one side and an 
adhesive on the other side are presently available commercially and existing 
vehicles could be readily retrofitted. In fact, these tapes were successfully 
tested at M = 0.7 on a T-33 airplane and on a Lear jet. The performance of 
the riblets in flight was similar to that observed in the laboratory (Anders et 
ah, 1988). In water, riblets were employed on the rowing shell during the 1984 
Summer Olympic by the United States rowing team. Similar riblets were also 
used on the submerged hull of the winner of the 1987 America’s Cup yacht 
race, the Stars and Stripes, with apparent success. 

Riblets are effective in the presence of moderate adverse and favorable 
pressure gradients. The loss of drag-reducing effectiveness as flow conditions 
vary off-design is gradual. Moreover, the percentage drag reduction slowly 
decreases to zero as the yaw angle between the flow and the grooves goes up 
to 30° . Surprisingly, drag does not increase at yaw angles > 30° . Remaining 
practical problems include cost, weight penalty, particulate clogging, ultravi- 
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olet radiation, and film porosity and resistance to hydraulic fluids and fuel. 

Curiously, fast sharks have a surface covering of dermal denticles with 
flow-ahgned keels having the optimal riblet spacing as determined by Walsh 
(Bechert et al., 1985). As the shark grows, new keels are added onto the 
sides of the denticles without changing the keel-to-keel spacing. A clue to 
how riblets result in a net drag reduction despite the increase in wetted area 
is provided by the experiment of Hooshmand et al. (1983) who showed that, 
for an optimum V-grooved surface, Cf is reduced by 40% in the valleys and 
increased by 10% at the peaks. It appears that the riblets severely retard the 
flow in the valleys, which places a slip boundary condition upon the turbu- 
lence production process. Lumley and Kubo (1984) argue that the streamwise 
vortices in the near- wall region are forced to negotiate the sharp peaks of the 
riblets, causing increased losses. To stay in equilibrium, the eddies must in- 
crease their energy gain, and one way to do that is to grow larger (energy 
gain ~ (size)^; loss ~ (size)). As was the case with polymers, the larger scales 
result in the secondary instability and the sharp change in profile slope oc- 
curring farther fi-om the wall. The mean velocity is, thus, higher for the same 
fi-iction velocity and the coefficient of skin fi^iction is reduced. 

The third geometrical modification to reduce the skin firiction is fixed or 
moving wavy walls. Kendall (1970) observed that the integrated skin-friction 
in a turbulent boundary layer over rigid, sinusoidal waves can be as much 
as 25% below that over an equivalent flat surface. Kendall’s waves were rel- 
atively shallow having a height-to-wavelength ratio of h/X = 0.028, with 
X = 0{6\. Sigal (1971) reported a reduction in integrated skin-friction of 
about 12% when using a 10% larger amplitude waves [h/X = 0.031) than 
that used by Kendall. The transverse waves provide alternating regions of 
longitudinal concave and convex curvatures along with alternating adverse 
and favorable pressure gradients. The coincidence of convex curvature and 
favorable pressure gradient promote relaminarization as the wave crests are 
approached, and the near-wall momentum is reduced in regions having ad- 
verse pressure gradient. Accordingly, the integrated skin-friction drag is re- 
duced. Unfortunately, viscous forces cause a downstream phase shift between 
the pressure distribution and the wave relative to the 180° out-of-phase re- 
lationship predicted from potential flow theory for a sinusoidal wave. This 
phase shift causes an additional pressure drag not present in the flat-surface 
case. The net result is that the total drag for the wavy surface increases de- 
spite the decrease in skin friction. Cary et al. (1980) argue that there may be 
two approaches to overcome this problem. First, since pressure drag varies as 
{h/Xf, farther reduction of h/X may yield a net drag reduction. Secondly, 
certain non-sinusoidal waves may have more favorable pressure and curvature 
effects on the viscous drag and a less skewed pressure distribution relative to 
the waves and, therefore, less pressure drag. Cary et al.’s numerical results 
indicate the soundness of the first approach. Net drag reduction of about 13% 
is attained for the optimum h/X of 0.005. This result seems to be insensitive 
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to the ratio of wave height to the viscous scale at least for hur/v < 33. Ex- 
periments to test the second approach were only partially successful (Lin et 
aL, 1983). Skewed waves with gradual, straight downstream-facing slope and 
steeper, sinusoidal upstream-facing surface have lower pressure drag than a 
symmetric sine- wave. However, the as 3 nnmetric surface is not as effective in 
reducing the viscous drag, with the result that the net drag reduction is only 
1-2%, hardly worth the effort (Wilkinson et al., 1988). 

Moving wavy walls are divided into two categories: driven, non-interactive 
walls and compliant surfaces. In the former technique, a flat or wavy wall is 
translated in the streamwise direction. The rectilinear wall motion essentially 
acts as a slip boundary condition and reduces the skin friction. Obviously the 
boundary layer could be completely eliminated when dwaii = f^co- A moving 
wavy wall can produce a thrust at high enough translational speed but causes 
an additional pressure drag at lower speed. In any case, this method of control 
is in general impractical and is used mainly to provide controlled experiments 
to determine what type of wave motion is required to achieve a given result, 
much the same as the laminar flow control case. 

WaU motion can also be generated by using a flexible coating with suf- 
ficiently low modulus of rigidity. The idea is very appealing if a particular 
kind of fluid/sohd interaction yields a net drag reduction. Covering a vehicle 
with a comphant coating is relatively simple, does not require modification 
of existing design, does not require slots, ducts or internal equipment of any 
kind, and no energy expenditmre is needed. The search for such a surface has 
been very elusive, however, despite reports of substantial drag reduction by 
some researchers. Irreproducibility seems to be an outstanding characteristic 
of the body of comphant coating experimental evidence (BushneU et al., 1977; 
McMichael et al., 1980; Gad-el-Hak, 1986b; 1986c; 1987). The window of op- 
portunity for a favorable coating response is rather narrow. For flow speeds 
below the transverse wave speed in the solid, no significant interaction be- 
tween the fluid and the comphant surface takes place. Above the transverse 
wave speed, ample opportunity for interaction exists; however, hydroelastic 
instabilities appear and the resulting large-amphtude surface waves increase 
the drag because of the roughness-like effects (Gad-el-Hak et al., 1984; Gad- 
el-Hak, 1986c; 1996a). A second constraint concerns the density ratio of the 
fluid and the solid. The extremely low density of air makes finding a rea- 
sonable coating material highly unlikely, although in hquids the situation is 
different. Flexible surfaces that interact favorably with Tolhnien-Schhchting 
waves in water boundary layers are readily available (Gad-el-Hak, 1996a). 
For turbulent boundary layers, the task is to find a coating that responds to 
the flow, particularly to its preburst waU pressure signature, with a surface 
motion that can alter, modify or interrupt the sequence of events leading to a 
burst. The analytical work of Purshouse (1977) indicates that an anisotropic 
coating would be more likely to achieve a net drag reduction in a turbulent 
boundary layer. 
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Other geometric modifications on the surface with a drag-reducing po- 
tential include fixed waves ahgned with the fiow (essentially large-scale ri- 
blets), micro air-bearings, compound or three-dimensional riblets, sieves, 
fiirry (wheatfield-type) surfaces, and sword-fish configuration. These tech- 
niques have been reviewed by Bushnell (1983) and more recently by Wilkin- 
son et al. (1988). The last of these methods is the most straightforward. As 
a boundary layer thickens, the Reynolds number increases and the coeffi- 
cient of skin friction decreases, with the result that the local skin friction is 
higher in the forward part of a vehicle and quite low in the aft end. Con- 
sider, for example, a 50-meter-long aircraft with a unit Reynolds number of 
10^ /m, and ignore pressure gradient and other effects. Near the nose, the 
skin-friction coefficient is about 0.003 (Figure 5). Near the tafi. Be ^5 x 10^ 
and Cy ~ 0.0018, i.e. 40% lower . By substantially reducing the wetted area of 
the forebody, the sword-fish configuration, drag reduction may be attainable. 
This technique is particularly useful when combined with a convex aftbody. 

7.3 Relaminarization 

Several articles define and explain the reversion of a turbulent flow to the 
laminar state, variously also known as retransition, inverse or reverse tran- 
sition, or relaminarization (Preston, 1958; Patel and Head, 1968; Bradshaw, 
1969). Narasimha and Sreenivasan (1979) provide a comprehensive review 
and analysis of the phenomenon. Instances of relaminarization may be found 
in a stably stratified atmosphere, spatially or temporally accelerated shear 
flows, coiled pipes, swirling flames, tip vortices behind finite lifting surfaces, 
far wakes of finite drag-producing bodies, air flow as it progresses from the 
trachea to the segmental bronchi in human lungs, and shear flows subjected 
to magnetic fields. Various authors use one or more of the following syn- 
dromes to diagnose the reversion of a turbulent flow: reduction in heat trans- 
fer or skin-friction coefficient, cessation of bursting events near the wall or 
entrainment of potential flow at the outer region of a boimdary layer, re- 
duction in high-frequency velocity fluctuations, breakdown of the log-law in . 
the wall layer, spreading of intermittency to wall region, and overlapping 
of energy-containing and dissipating eddy scales. In the quasi-laminar state, 
the velocity fluctuations are not necessarily zero but rather their contribu- 
tion to the dynamics of the mean flow becomes inconsequential. In other 
words, the turbulent fluctuations inherited from the previous history of the 
flow are no longer influencing the transport of mass, momentum or energy. 
Narasimha and Sreenivasan (1979) adopt a pragmatic definition of reversion. 
They maintain that a flow has relaminarized if its subsequent development 
can be understood without recourse to any model for turbulent shear flow. 

The most obvious mechanism for the occurrence of relaminarization is 
dissipation. When the Reynolds number goes down in a turbulent flow, for 
example by enlarging a duct or by branching a channel flow, the viscous 
dissipation may exceed the production of turbulent energy and the flow may 
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revert to a quasi-laminar state. This type of reversion tends to be rather slow. 
Turbulent energy can also be destroyed or absorbed by the work done against 
external forces such as buoyancy (e.g., in stably stratified fiuids), centrifugal 
(e.g., in convex boundary layers), or Coriolis (e.g., in rotating channel flows). 
The governing parameter in these absorptive-type reversion is the Richardson 
number {Ri) and relaminarization proceeds rapidly once the critical value 
of Ri is exceeded. In both dissipative- and absorptive-type of reversion, the 
turbulence energy is decreased but more significantly the velocity components 
that generate the crucial Reynolds stresses are “decorrelated.” This explains 
the strong effects on turbulence of, say, a very mild positive curvature (So and 
Mellor, 1973; Smits and Wood, 1985). In this case, the amplitude as well as 
the phase of the different components of the fluctuating motion are affected 
by the additional strain rate imposed upon the flow, particularly away from 
the waU. 

The third mechanism to effect relaminarization is observed in highly ac- 
celerated flows. Narasimha and Sreenivasan (1973) argue that, in the outer 
layer of such flows, the pressure forces dominate over nearly frozen Reynolds 
stress field. The uv term remains at about the same level as the zero-pressure- 
gradient case over much of the boundary layer. Near the waU, however, 
dissipation dominates and the flow is stabilized by the acceleration. The 
turbulence-re-energizing bursts diminish in frequency and may stop alto- 
gether and a thin new laminar boundary layer grows from the waU within 
the old boundary layer. According to Morkovin (1988), the turbulence in the 
outer layer is “starved” and the inner laminar layer is “buffeted” by the de- 
caying, wake-like turbulence of the outer region. The skin friction and the 
heat transfer rate in the relaminarized inner layer is less than those expected 
in a corresponding turbulent flow. 

Narasimha and Sreenivasan (1979) assert that a number of different re- 
verting flows can be considered in fight of the three archetype summarized 
above. It is not uncommon, however, to effect relaminarization through a 
combination of mechanisms rather than a single one. In internal flows, relam- 
inarization can be accomplished by gentle waU injection (to avoid separation) 
or by wall heating (for gases) . In both these cases, the flow accelerates thus 
activating the third mechanism above. Moreover, when a gas is heated its 
kinematic viscosity is increased resulting in a lower Reynolds number that 
may fall below the critical value, thus activating the first mechanism. 

In external flows, equation (17) indicates that wall suction, surface heating 
in liquids or surface cooling in gases, may have the same effect on the near-wall 
region of a turbulent boundary layer as favorable pressure gradient. It appears 
that only the first of these stimuli has been experimentally demonstrated. 
Dutton (I960) observed that a suction coefficient Cq 0.01 is sufficient to 
relaminarize a boundary layer at Re = O [lO®] . The initially turbulent flow 
approaches the laminar asymptotic state (Section 5.1) appropriate to the 
particular value of Cq used. Although the mean velocity gradient near the 
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wall is increased, the Re}molds shear stress is reduced at a faster rate leading 
to a reduction in the turbulent energy production. 

The question of immediate concern to this section is whether or not suc- 
tion, or in fact any of the other reversion stimuli, is a viable drag reduction 
method for turbulent boundary layers. The suction rate necessary for relami- 
narization is too high to be applied profitably over an entire surface, although 
it may be feasible to apply massive suction through a spanwise slot (perhaps 
enough to ingest the entire mass flow in the boundary layer) followed by gen- 
tle suction (or any of the other stability modifiers discussed in Section 5.1) 
to prevent transition of the newly formed laminar sublayer. This issue will 
be discussed again in the next subsubsection. 

Convex (or positive) curvature affects the boundary layer locally in much 
the same way as a large eddy breakup device. With a relatively large radius 
of curvature, of the order of 10^, positive Reynolds stress is produced in 
the outer flow and the wall shear is reduced. Downstream of the end of 
the curvature region, the flow relaxes very slowly to its unperturbed state. 
Wilkinson et al. (1988) suggest that a convex surface may be better suited for 
drag reduction than an LEBU device, particularly in supersonic flows where 
wave drag penalty on the LEBU blade is rather large. Obviously a vehicle 
surface cannot be all convex and short regions of concave curvature on the 
way to the convex portions are unavoidable. Bushnell (1983) speculates that 
the limited extent of the concave regions may not allow formation of any 
lasting alterations to the turbulent structures. Net reductions of drag of the 
order of 20% appear to be obtainable using surface curvature. Little research 
is available on the feasibility of using other relaminarization techniques to 
achieve drag reduction. 

7.4 Synergism 

Ideally, one searches for combinations of drag reduction methods where the 
total favorable effect is greater than the sum. For example, Lee et al. (1974) 
have shown that the use of polymers and fibers together can produce much 
larger reduction in skin friction than either additive alone. A slightly different 
strategy, but perhaps no less beneficial, is to employ a second control method 
that reduces the drag penalty of a given technique while adding some saving 
of its own. An example of that is the use of fluid that is being withdrawn from 
a certain portion of a vehicle for injection into another location, thus avoiding 
the ram drag penalty associated with blowing freestream fluid. For an aircraft, 
tangential slot injection or normal distributed injection may be used to reduce 
the skin friction on portions of the fuselage as discussed earher. Possible 
sources of low-loss air include LFC suction from the wings and empennage, 
relaminarization slots on the fuselage, and active or passive bleed air for 
separation control. 

Several possible combinations of drag reduction techniques were briefly 
mentioned elsewhere in this article. The sword-fish configuration (small wet- 
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ted area) may be used in the forward part of a vehicle where the local skin 
friction is high followed by the rest of the body where the boundary layer 
is thicker and the skin-friction coefficient is low. A nose spike followed by a 
short region of concave curvature then a longer convex portion may be used 
in supersonic flows. Massive suction through a spanwise slot may be used to 
ingest the entire mass flow in a turbulent boundary layer followed by any 
of the stabUity modifiers discussed in Section 5.1 to mamtain the growing 
laminar boundary layer downstream. 

The suction rate necessary for establishing an asymptotic turbulent bound- 
ary layer independent of streamwise coordinate [dSe/dx — 0) is much lower 
than the rate required for relaminarization, but stiU not low enough to yield 
net drag reduction. For Re — O [lO®], Favre et al. (1966), Rotta (1970) and 
VeroUet et al. (1972), among others, report an asymptotic suction coefficient 
of Cq ^ 0.003. From equation (20) rewritten for a steady, incompressible, 
zero-pressme-gradient boundary layer on a flat plate, the corresponding skin- 
friction coefficient is (7/ = 2 = 0.006, indicating higher skin friction than if 

no suction was applied. The problem is that fluid withdrawn through the wall 
has to come from outside the boundary layer where the streamwise momen- 
tum per unit mass is at the relatively high level of Uoo, as was discussed in 
Section 5.1 in connection with using suction for transition delay. To achieve a 
net drag reduction with suction, the process must be further optimized. The 
results of Elena (1975; 1984) and more recently of Antonia et al. (1988) indi- 
cate that suction causes an appreciable stabihzation of the low-speed streaks 
in the near-wall region. The maximum turbulence level at « 13 drops from 
15 to 12% as Cq varies from 0 to 0.003. More dramatically, the tangential 
Reynolds stress near the wall drops by a factor of 2 for the same variation 
of Cq. The dissipation length scale near the wall increases by 40% and the 
integral length scale by 25% with the suction. 

Gad-el-Hak and Blackwelder (1987b; 1989) suggest that one possible means 
of optimizing the suction rate is to be able to identify where a low-speed streak 
is presently located and apply a small amount of suction under it. Assuming 
that the production of turbulent energy is due to the instability of an inflec- 
tional U {y) velocity profile, one needs to remove only enough fluid so that 
the inflectional nature of the profile is alleviated. An alternative technique 
that could conceivably reduce the Reynolds stress is to inject fluid selectively 
under the high-speed regions. The immediate effect would be to decrease 
the viscous shear at the wall resulting in less drag. In addition, the velocity 
profiles in the spanwise direction, U ( 2 :), would have a smaller shear, dU /dz^ 
because the injection would create a more uniform flow. Since Swearingen 
and Blackwelder (1984) have found that inflectional U{z) profiles occur as 
often as inflection points are observed in U [y) proflles, injection under the 
high-speed regions would decrease this shear and hence the resulting insta- 
bility. Since the inflectional profiles are all inviscidly unstable with growth 
rates proportional to the shear, the resulting instabihties would be weak- 
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ened by the suction/injection process. Gad-el-Hak and Blackwelder propose 
to combine suction with non-planar surface modifications. Minute longitudi- 
nal roughness elements if properly spaced in the spanwise direction greatly 
reduce the spatial randomness of the low-speed streaks (Johansen and Smith, 
1986). By withdrawing the streaks forming near the peaks of the roughness 
elements, less suction should be required to achieve an asymptotic bound- 
ary layer. Recent experiments by Wilkinson and Lazos (1987) and Wilkinson 
(1988) combine suction/blowing with thin-element riblets. Although no net 
drag reduction is yet attained in these experiments, their results indicate 
some advantage of combining suction with riblets as proposed by the patent 
of Blackwelder and Gad-el-Hak (1990). 

A large eddy breakup device influencing the outer structures of a tur- 
bulent boundary layer may be combined with drag reduction methods that 
mainly influence the near- wall region. Walsh and Lindemann (1984) show 
that the performance of riblets in the presence of an LEBU is approximately 
additive, not quite a synergetic effect. Wilkinson et al. (1988) propose us- 
ing an LEBU device to reduce the free mixing between tangentially injected 
fluid and the boundary layer flow, thus extending the low skin- friction region. 
Bushnell (1983) suggests that the suction mass flow rate required to achieve 
relaminarization of a turbulent boundary layer may be reduced by the use of 
a large eddy breakup device ahead of the suction region. 

The LEBU model of Gebert (1988) indicates that the fluctuating normal 
velocity component is most effectively suppressed for a particular incoming 
harmonic disturbance. The modest drag reduction currently achieved using 
an LEBU device in a natural boundary layer may, therefore, be greatly en- 
hanced by cyclically generating the large outer structures using the method 
developed by Gad-el-Hak and Blackwelder (1987c). In this case, the large ed- 
dies arrive at a given location at a precisely controlled period that matches the 
optimum frequency for the LEBU device. Alternatively, Goodman’s (1985) 
technique to generate closely spaced turbulent spots in the spanwise and 
streamwise directions may be used for tripping a laminar boundary layer. An 
LEBU device placed downstream will encounter more uniformly paced large 
eddies and its performance may be enhanced. Of course, in both schemes the 
penalty associated with artificially generating the large eddy structures must 
be considered. 

Most of the combined drag reduction techniques discussed or proposed in 
this section are speculative, the reason being the scarcity of research in the 
area of synergism. Unguided by any theoretical framework and faced with the 
complexity of each of the methods used individually, one is tempted to stay 
away from the much more difficult situation when two or more techniques are 
combined. However, the potential for achieving a total effect larger than the 
sum should stimulate more research for combinations of method. In fact, in 
some situations one may not have much of a choice. Certain techniques, e.g. 
suction, may not yield net drag reduction and must, therefore, be combined 
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with something else to achieve the desired goal. Other methods, e.g. riblets, 
yield such modest drag reductions (less than 10%) that it may not be worth 
the effort implementing the individual technique. 



8 Turbulence Augmentation 

For some applications, the efficient mixing or transport mechanisms of turbu- 
lence may be required. For example, a turbulent boundary layer is in general 
more resistant to separation than a laminar one; turbulence is used to ho- 
mogenize fluid mix tures and to accelerate chemical reactions; and turbulent 
heat exchangers are much more efficient than laminar ones. As an additional 
example, earher transition may be required for some low-speed wind or water 
tunnel testing to simulate high Reynolds number conditions. 

Consider the three flow regimes discussed m Sect. 7.1. For a zero-pressure- 
gradient boundary layer, transition is completed typically at a Reynolds num- 
ber based on distance from leading edge of the order of 10®. The critical Re 
below which perturbations of all wave numbers decay is about 6 x 10'^. To 
advance the transition Reynolds number, one may attempt to lower the crit- 
ical Re, increase the growth rate of Tollmien-Scblichting waves, or introduce 
large disturbances that can cause bypass transition. The next issue is how 
to augment the turbulence for a shear flow that has already undergone tran- 
sition, i.e. for Re = 10® and beyond. The obvious answer is to reverse the 
stimuli discussed earher in connection with relaminarization. Injection in- 
stead of suction in external flows, decelerating flows instead of accelerating 
ones, negative curvature (concave) instead of positive curvature (convex), and 
so on. These stimuli will lead to an increase in turbulence production and 
enhanced mass, momentum and heat transfers. Roughness will also enhance 
the turbulence, but its associated drag must be carefully considered. Other 
devices to enhance the turbulent mixing include vane-type vortex generators, 
or wheeler-t 3 p)e or Kuethe-type generators as discussed earher. 

The turbulence levels in the near-wah region could be modestly aug- 
mented by freestream excitation. In a unique experiment, Bandyopadhyay 
(1988) used a pitching airfoil located outside a turbulent boundary layer to 
resonate the viscosity-dominated unsteady flow in a row of minute transverse 
square cavities at the wall. In a narrow band of pitching frequencies, the 
near-wall turbulence levels increased by as much as 6% while the rest of the 
boundary layer seemed transparent to the external disturbances. This result 
is particularly significant since it demonstrates that near-wah events may 
be controlled from the freestream and, therefore, that a dynamic coupling 
between disparate scales may exist. 

The size, performance and efficiency of many engineering systems are 
often limited by the abhity to transfer heat to or from the system. Con- 
sider the supercomputer, where the speed of computing is limited by the 
distance through which the electrons must travel at nearly the speed of fight. 
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Electronic chips and other components must, therefore, be miniaturized and 
packaged tightly. Tremendous amounts of heat must be removed from a very 
modest surface area. The central processing unit of a present generation su- 
percomputer is not much larger than, say, a refrigerator. In order to limit 
the temperature of the CRAY-2 to a tolerable range, its entire CPU is im- 
mersed in a dielectric liquid coolant (trade name FC-75). This is obviously 
an expensive, but perhaps unavoidable, approach to achieve the desired goal. 

Convective heat transfer enhancement methods are reviewed by Bergles 
and Morton (1965), Bergles (1978), Bergles and^Webb (1985), and Nakayama 
(1986). The simplest scheme involves the introduction of distributed rough- 
ness on the heat transfer surfaces. This would destabilize the wall region and 
intensify the mixing process leading to an increase in the convective heat 
transfer coefficient. Patera (1986) and Patera and Mikic (1986) introduced 
the concept of resonant heat transfer enhancement based on excitation of 
shear-layer instabilities in internal separated flows. In a two-dimensionally 
periodically grooved channel, Tollmien-Schlichting-like waves forced by the 
Kelvin-Helmholtz shear layer instabihties at the grooves’ edge become un- 
stable and take the form of self-sustained oscillations for Reynolds numbers 
greater than a critical value. For lower Re, oscillatory perturbation results in 
subcritical resonant excitation. For both laminar and turbulent flows, the re- 
sulting large-scale motions lead to significant lateral mixing and correspond- 
ingly dramatic enhancement of convective heat transfer coefficient. 



9 Noise Control 

Noise, or undesired sound, is generated from machines, vehicles movmg in a 
fluid, or even natural phenomena. It is estimated that a single modern jet 
plane generates at takeoff more noise than the combined shouting power of 
the entire world’s population! Noise control, a relatively young field of re- 
search, is required to maintain an acceptable (even pleasant) environment, to 
avoid detection of certain vehicles, and for the proper operation of sonars on 
underwater vehicles. Heckl (1988) broadly classifies noise suppression meth- 
ods as follows: (1) Common sense apphcation. For example, load or speed 
reduction, increase of mass, enclosures, or mufflers. (2) Add-on measures. 
These include multiple walls and floors, tuned absorbers and vibration coat- 
ings, impedance mismatches in the propagation paths, and shift of resonances 
away from exciting frequencies. (3) Changes at the source. For example, in- 
terruption of feedback loops or other instabilities, reduction of roughness and 
free clearances, and reduction of time derivatives. (4) Active methods of con- 
trol such as sound reflection and absorption in wave guides, or compensation 
of periodic excitation. 

For the purpose of this chapter flow-induced noise and its control are of 
primary interest. In 1952, Lighthill developed a very powerful theory that 
identified the sources of aerodynamic sound. Use the compressible continuity 
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equation (1) into the momentum equation and neglect body forces, (2) reads 



dpuj d{pUjUk) _ dEki 

dt dxk dxk 



By subtracting d/dxi of (35) from d/dt of (1), an equation for the density 
results 

p 



Let p = po + p\ where p' is the density perturbation due to sound, and 
subtract (? V^p from both sides of (36), where c is the constant propagation 
speed of acoustic waves. The resulting Lighthill’s equation reads 



dt^ ^ dxi dxk 



(37) 



where Tik = puiUk— Eik — (?p 6ik^ the Lighthill’s stress tensor. The source 
field for the acoustic waves is a quadrupole distribution whose strength per 
unit volume is Tik- Turbulence generates sound equivalently to a quadrupole 
source distribution. Organized structures in a turbulent flow play an im- 
portant role in the source process and, therefore, controlling these eddies 
may be the key to noise suppression (Ffowcs WiUiams, 1977). At the low 
Mach number typically encountered in underwater apphcations ((9[0.01]), 
unbounded turbulent flows have an extremely low acoustic efficiency accord- 
ing to Lighthill’s (1952) theory. The large differences between the noise levels 
predicted by the quadrupole theory and those actually generated by a tur- 
bulent boundary layer are often explained via acoustic scattering processes 
(Crighton, 1984). Small rigid bodies, gas bubbles, or sharp edges (Blake and 
Gershfeld, 1989) can destroy the cancellation between opposing elements of 
the quadrupole and may lead to the more efficient radiation of a dipole or 
even a monopole. Thus, for noise suppression, these efficient sound generators 
should be avoided. 

At present, sonars are placed at the nose of underwater vehicles where 
the boundary layer is laminar. Search rates of these hstening devices is im- 
proved by placing additional hydrophones farther downstream. However, the 
turbulence-induced noise is sufficient to interfere with the proper operations 
of these devices, and must therefore be suppressed before the search rate 
could be improved. A second example comes from the aeronautics field. On 
commercial aircraft, the turbulent boundary layer outside the fuselage con- 
tributes significantly to cabin noise. Techniques to reduce flow-induced noise 
are therefore sought. Methods to delay transition (Section 5) or to relami- 
narize an already turbulent boundary layer (Section 7.3) should be useful to 
suppress the turbulence-induced noise in both examples above. It is feasible 
to delay transition on both vehicles, where the unit Re is about 10^/m, for 
the first few meters. Beyond that relaminarization or at least partial suppr^- 
sion of txurbulence is the only option. As indicated in Section 7.3, achieving 
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relaminarization over the entire length of an aircraft or a submarine may re- 
quire large energy expenditure and is, therefore, not very practical. However, 
it may not be necessary to relaminarize an entire vehicle. Instead, selected 
portions of the boundary layer, where, for example, a hydrophone is to be 
placed, are treated. 

A comphant coating that causes transition delay or reduction in turbu- 
lence skin friction will also lead to attenuation of sound radiated by the 
boundary layer. This is because the wall pressure fluctuations are dependent 
on turbulence levels, which in turn are related to the wall shear stress. The 
reverse is not necessarily true; i.e. a coating may attenuate the flow noise 
without affecting the hydrodynamic drag. In fact the technology exists today 
for manufacturing energy-absorbent comphant liners for sound absorption, 
vibration reduction, and noise shielding, while the search for a drag-reducing 
coating has thus far eluded researchers for about 40 years (Riley et al. 1988.; 
Gad-el-Hak, 1996a). 

Flow noise is influenced by surface flexibility through two distinct mech- 
anisms: either the surface acts as a sounding board excited by the turbulent 
pressure field, or the surface comphance induces a change in the turbulence 
structure and, hence, modifies the pressure fluctuations (Ffowcs WiUiams, 
1965; Purshouse, 1976; Dowling, 1983; 1986). As mentioned earlier, flow 
noise is currently considered the limiting performance factor for sonar sys- 
tems placed on surface ships, submarines, and towed arrays. Major advances 
in the reduction of “self-noise” have been achieved by exploiting the first 
mechanism above, and further reductions may be possible if the nature of 
the turbulent boundary layer and its wall pressure fluctuations can be al- 
tered. Von Winkle (1961) and Barger and Von Winkle (1961) report pressure 
fluctuations measurements on a streamlined body of revolution free-faUing 
in a water tank. Flush-mounted hydrophones fabricated from lead-zirconate 
titanite are used to measme the instantaneous pressure. Their experiment 
indicates a dramatic reduction in the pressure coefiicient when the body is 
covered with a Kramer-type comphant coating. This result may, however, be 
due to transition delay caused by the flexible surface and not due to changes 
in the turbulence structure. 

Active noise suppression systems are based on generating sound by aux- 
iliary source with such an amplitude and phase that in the region of interest 
the sound wave interference from the original and auxiliary source results in 
considerable reduction of the noise levels. What makes these systems possi- 
ble is, of course, the linearity of the governing equations."^ The older systems 
with fixed gain in the feedback loop could not achieve high noise reduction. 
However, with the recent availabflity of adaptive filter systems, much more 
impressive suppression of noise is feasible (Tichy et al., 1984). These systems 
are capable of adjusting the feedback loop for the magnitude and phase re- 

^ The pressure fluctuations associated with sound at the threshold of pain (140 
dB) are only 0.1% of the atmospheric pressure. 
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lationship of the spectral components and can quickly compensate for the 
sound path changes. These active control devices seem to work best for low 
frequency sound, where passive silencers are relatively ineffective, and when 
the source is localized and accessible. Local control is obviously easier than 
global one. Moreover, effective control is achieved when the system response 
within the frequency band of interest is dominated by relatively few modes. 
Review papers on active control of noise are available by Warnaka (1980), 
Ericksson et al. (1988), Van Laere and Sas (1988), and Warner et al. (1988). 
Anti-sound techniques seem to have gone from the laboratory to apphcation 
in a remarkably short time. 

10 Concluding Remarks 

This chapter has attempted the very ambitious task of presenting a unified 
view of the different control methods available or contemplated for, particu- 
larly, external boundary-layer flows to achieve a variety of goals. These goals 
are not necessarily mutually exclusive and include transition delay, separation 
postponement, lift enhancement, drag reduction, turbulence augmentation, 
and noise control. In both laminar and turbulent boundary layers, the effect 
of many of the control methods is explained in terms of the behavior of the 
vorticity flux at the wall. The fullness of the normal velocity profile is related 
to the direction of this vorticity flux, which in turn has a direct influence 
on the stabihty, separation, skin friction, and turbulence levels. The broad 
range of topics covered precludes in-depth review of a particular flow control 
technique and the reader is referred to selected original publications detailing 
these methods and referenced throughout this chapter. 

Both the science and technology to maintain a laminar boundary layer to a 
Reynolds number of about 4 x are well established, although some details 
remain to be worked out. The linear stabihty theory provides a sohd analyt- 
ical framework, at least for the important first stage of transition. Barring 
large disturbances in a conventional boundary-layer flow, the linear amplifi- 
cation of Tollmien Schlichting waves is the slowest of the successive multiple 
steps in the transition process. Stabihty modifiers inhibit this linear amph- 
fication and, therefore, determine the magnitude of the transition Reynolds 
number. Shaping to provide extended regions of favorable pressure gradient 
is the simplest method of control and is well suited for smah underwater ve- 
hicles or for the wings of low- or moderate-speed aircraft. Fhght tests have 
demonstrated the feasibihty of using suction to maintain a laminar flow on a 
swept wing to Re » 4.7 x 10'^. The required suction rate is very modest and 
20% net drag reduction is possible. Remaining problems are technological in 
nature and include maintainabihty and rehabihty of suction surfaces and fur- 
ther optimization of the suction rate and its distribution. Suction is less suited 
for underwater vehicles because of the abundance of particulate matters that 
can clog the suction surface as well as destabihze the boundary layer. For wa- 
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ter applications, compliant coatings that increase the transitional Reynolds 
number by a factor of 5-10 are available in the laboratory but performance 
in the field is still unknown. This technique is very appeahng because of its 
simplicity and absence of energy requirement. Moderate surface heating also 
increases the transition Re by an order of magnitude, but a source of reject 
heat must be available to achieve net drag reduction. Additionally, a particle- 
defense mechanism is needed before the technique could successfully be used 
in the ocean. For futuristic aircraft using cryo-fuel, surface coohng may be a 
feasible method to delay transition. 

The above stability modifiers change the shape of the velocity profile 
making it more full. Therefore, two-dimensional, steady separation can be 
postponed using the same techniques. Other separation control methods in- 
clude passive ones, such as intentional tripping, fences or vortex generators, 
and active devices, such as tangential injection, acoustic excitations or oscil- 
lating surface flaps. A drag penalty is associated with both passive and active 
devices. 

For time-dependent flows, upstream movement of the separation point 
results in a delay in boundary layer detachment, analogous to a wall moving in 
the same direction as the freestream. Three-dimensional boundary layers are 
in general more capable of overcoming an adverse pressure gradient without 
separation. In this case, the near- wall fluid is capable of moving in a direction 
in which the pressure gradient is more favorable, thus avoiding the adverse 
pressure in the direction of the main flow. 

Techniques to reduce the pressme drag are more well established than 
turbulent skin-friction reduction techniques. Streamhning and other methods 
to postpone separation can eliminate most of the pressure drag. The wave 
and induced drag contributions to the pressure drag can also be reduced by 
geometric design. The skin friction constitutes about 50%, 90% and 100% 
of the total drag on commercial aircraft, underwater vehicles and pipehnes, 
respectively. Most of the current research effort concerns reduction of skin- 
friction drag for turbulent boundary layers. 

Three flow regimes are identified. First, for Re < 10®, the flow is laminar 
and sMn friction may be lowered by reducing the near-wall momentum. Ad- 
verse pressure gradient, blowing and surface heating/ cooling could lower the 
skin friction, but increase the risk of transition and separation. Secondly, for 
10® < Re < 4 X 10"^, active and passive methods to delay transition could be 
used, thus avoiding the much higher turbulent drag. Thirdly, at the Re 5 molds 
number encountered after the first few meters of a fuselage or a submarine, 
methods to reduce the large skin friction associated with turbulent flows are 
sought. These methods are classified in the following categories; Reduction 
of near- wall momentum; introduction of foreign substance; geometrical mod- 
ification. 

The second category above leads to the most impressive results. Introduc- 
tion of small concentration of polymers, surfactants, particles or fibers into a 
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turbulent boundary layer lead to a reduction in the skin friction coefficient of 
as much as 80%. Among the practical considerations requiring further study 
are the cost of the additive, methods of dehvering it to the boundary layer, 
potential for recovering and recycling, degradation, and the portion of the 
payload that has to be displaced to make room for the additive. 

Recently introduced techniques mostly fall under the third category above 
and seem to offer more modest net drag reduction. These methods are, how- 
ever, still in the research stage and include riblets (~ 8%), large eddy breakup 
devices (~ 20%), and convex surfaces (~ 20%). Potential improvement in 
these and other methods will perhaps involve combining more than one tech- 
nique aiming at achieving a favorable effect that is greater than the sum. Due 
to its obvious difficulties, this area of research has not been very popular in 
the past but deserves future attention. 

Along these lines, the selective suction technique, review^ in Section 7.4, 
combines suction to achieve an asymptotic turbulent boundary layer and 
longitudinal riblets to fix the location of low-speed streaks. Although far 
from indicating net drag reduction, the available results are encouraging and 
frirther optimization is needed. Potentially the selective suction method is 
capable of skin friction reduction that approaches 60%. 

Techniques to augment the turbulence for non-reacting mixing, combus- 
tion, heat transfer, and other apphcations were reviewed in Section 8. In the 
last section, methods to suppress noise, particularly flow-induced sound, were 
summarized. The most recent of these techniques exploits the linearity of the 
acoustic field. Active noise control using anti-soimd is a new research area 
that, remarkably, seems to have gone into apphcations in just a few years. 

The present chapter was part of the author’s contribution to the short 
course Flow Control: Fundamentals and Practices, held in Carg^e, Corsica, 
Prance, 24-28 June 1996, and repeated at the University of Notre Dame, 
Notre Dame, Indiana, U.S.A., 9-13 September 1996. Part of the material in 
this chapter is excerpted from two review articles by the same author {Applied 
Mechanics Reviews, vol. 42, no. 10, pp. 261-293, 1989, and Journal of Fluids 
Engineering, vol. 113, no. 1, pp. 5-30, 1991). 
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Abstract. In contrast to the first chapter, in the present chapter I shall emphasize 
the frontiers of the field of flow control, pondering mostly the control of turbulent 
flows. I shall review the important advances in the field that took place during the 
past few years and are anticipated to dominate progress in the near future, essen- 
tially covering the fifth era outlined in Sect. 2 of the previous chapter. By compari- 
son with laminar flow control or separation prevention, the control of turbulent flow 
remains a very challenging problem. Flow iustabifities magnify quickly near critical 
flow regimes, and therefore delaying transition or separation are relatively easier 
tasks. In contrast, classical control strategies are often ineffective for fuUy turbulent 
flows. Newer ideas for turbiflent flow control to achieve, for example, skin-friction 
drag reduction focus on the direct onslaught on coherent structures. Spurred by the 
recent developments in chaos control, microfabrication and soft computing tools, 
reactive control of turbulent flows, where sensors detect oncoming coherent struc- 
tures and actuators attempt to favorably modulate those quasi-periodic events, 
is now in the realm of the possible for future practical devices. In this article, I 
shall provide estimates for the number, size, firequency and energy consumption of 
the sensor/actuator arrays needed to control the turbulent boundary layer on a 
full-scale aircraft or submarine. 



1 Introduction 

1.1 The Taming of the Shrew 

Considering the extreme complexity of the turbulence problem in general and 
the unattainability of first-principles analytical solutions in particular, it is 
not surprising that controlling a turbulent flow remains a challenging task, 
mired in empiricism and unfulfilled promises and aspirations. Brute force 
suppression, or taming, of turbulence via active, energy-consuming control 
strategies is always possible, but the penalty for doing so often exceeds any 
potential benefits. The artifice is to achieve a desired effect with minimum 
energy expenditure. This is of course easier said than done. Indeed, suppress- 
ing turbulence is as arduous as the taming of the shrew. The former task will 
be emphasized throughout this chapter, but for now we reflect on a short 
verse from the latter. 

From William Shakespeare ’s The Taming of the Shrew: 

Curtis (Petruchio’s servant, in charge of his country house): Is she so hot a 
shrew as she’s reported? 

Grumio (Petruchio’s personal lackey): She was, good Curtis, before this frost. 
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But thou know’st winter tames man, woman, and beast; for it hath tamed my 
old master, and my new mistress, and myself, fellow Curtis. 

1.2 Control of Turbulence 

Numerous methods of flow control have aheady been successfully imple- 
mented in practical engineering devices. Such classical techniques have been 
reviewed in the flrst chapter of this book and by, among others, Barnwell and 
Hussaini (1992), Bushnell (1983; 1994), W ilkins on et al. (1988), Bushnell and 
McGinley (1989), Gad-el-Hak (1989), Bushnell and Hefiier (1990), Fiedler 
and Fernholz (1990), Gad-el-Hak and BushneU (1991), Viswanath (1995), 
and Joslin et al. (1996). Yet, very few of the classical strategies are effective 
in controlling free-shear or wall-bounded turbulent flows. Serious limitations 
exist for some familiar control techniques when apphed to certain turbulent 
flow situations. For example, in attempting to reduce the skin-friction drag 
of a body having a turbulent boundary layer using global suction, the penalty 
associated with the control device often exceeds the saving derived from its 
use. What is needed is a way to reduce this penalty to achieve a more efficient 
control. 

Flow control is most effective when apphed near the transition or separa- 
tion points; in other words, near the critical flow regimes where flow instabil- 
ities magnify quickly. Therefore, delaying/advancing laminar-to-turbulence 
transition and preventing/provoking separation are relatively easier tasks to 
accomplish. To reduce the skin-friction drag in a non-separating turbulent 
boundary layer, where the mean flow is quite stable, is a more challenging 
problem. Yet, even a modest reduction in the fluid resistance to the motion 
of, for example, the world-wide commercial air fleet is translated into fuel 
savings estimated to be in the bilhons of dollars. Newer ideas for turbulent 
flow control focus on the direct onslaught on coherent structures. Spurred 
by the recent developments in chaos control, microfabrication and soft com- 
puting tools, reactive control of turbulent flows is now in the realm of the 
possible for future practical devices. 

The primary objective of the present chapter is to advance possible sce- 
narios by which viable control strategies of turbulent flows could be realized. 
As will be argued in the following presentation, future systems for control of 
turbulent flows in general and turbulent boundary layers in particular could 
greatly benefit from the merging of the science of chaos control, the tech- 
nology of microfabrication, and the newest computational tools collectively 
termed soft computing. Control of chaotic, nonlinear dynamical systems has 
been demonstrated theoretically as well as experimentally, even for multi- 
degree-of-freedom systems. Microfabrication is an emerging technology which 
has the potential for producing inexpensive, programmable sensor/actuator 
chips that have dimensions of the order of a few microns. Soft computing 
tools include neural networks, fuzzy logic and genetic algorithms and are 
now more advanced as well as more widely used as compared to just few 
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years ago. These tools could be very useful in constructing effective adaptive 
controllers. 

Such futuristic systems are envisaged as consisting of a large number of 
inte llig ent, interactive, microfabricated wall sensors and actuators arranged 
in a checkerboard pattern and targeted towards specific organized structures 
that occur randomly within the boundary layer. Sensors detect oncoming co- 
herent structures, and adaptive controllers process the sensors information 
and provide control signals to the actuators which in turn attempt to fa- 
vorably modulate the quasi-periodic events. Finite number of wall sensors 
perceive only partial information about the entire flow fleld above. However, 
a low-dimensional dyn ami cal model of the near-wall region used in a Kalman 
filter can make the most of the partial information from the sensors. Concep- 
tually all of that is not too difficult, but in practice the complexity of such 
a control system is daunting and much research and development work still 
remain. 



1.3 Outline 

The present chapter reviews the important developments in the field of flow 
control that took place during the past few years and suggests avenues for 
future research. The emphasis will be on reactive flow control for future 
vehicles and other industrial devices. The present chapter is organized into 
eight sections. A particular example of a classical control system, suction, is 
described in the following section. This wUl serve as a prelude to introducing 
the selective suction concept. In Sect. 3, the different hierarchy of coherent 
structures that dominate a turbulent boundary layer and that constitute the 
primary target for direct onslaught are briefly recalled. Reactive flow control 
and the selective suction concept are described in Sect. 4. The number, size, 
frequency and energy consumption of the sensor/ actuator units required to 
tame the turbulence on a full-scale air or water vehicle are estimated in that 
same section. Sections 5, 6 and 7 consider the emerging areas of chaos control, 
microfabrication and soft computing, respectively, particularly as they relate 
to reactive control strategies. Finally, brief concluding remarks are given in 
Sect. 8. 



2 Suction 

To set the ground for introducing the concept of targeted control in Sect. 4, 
I shall first discuss in this section global control as apphed to wall-bounded 
flows. Part of the material in the present section was aheady included in 
the previous chapter but is repeated here for completeness. A viscous fluid 
which is initially irrotational will acquire vorticity when an obstacle is passed 
through the fluid. This vorticity controls the nature and structure of the 
boundary layer flow in the vicinity of the obstacle. For an incompressible. 
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waH-bounded flow^ the flux of spanwise or streamwise vorticity at the wall, 
and hence whether the surface is a sink or a source of vorticity, is affected 
by the wall motion (e.g. in the case of a comphant coating), transpiration 
(suction or injection), streamwise or spanwise pressure gradient, wall curva- 
ture, and normal viscosity gradient near the wall (caused by, for example, 
heating/cooling of the wall or introduction of a shear-thinning/shear thick- 
ening additive mto the boundary layer). As demonstrated in Sect. 3.1 of 
the previous chapter, these alterations separately or collectively control the 
shapes of the instantaneous as well as the mean velocity profiles which in turn 
determine the skin friction at the wall, the boundary layer abihty to resist 
transition and separation, and the intensity of turbulence and its structure. 

For illustration purposes, we focus on global wall suction as a generic 
control tool. The arguments presented here and in subsequent sections are 
equally vahd for other global control techniques, such as geometry modifi- 
cation (body shaping), surface heating/cooling, etc. As has been shown in 
Chap. 1, transpiration provides a good example of a single control technique 
that is used to achieve a variety of goals. Suction leads to a fuller velocity 
profile (vorticity flux away from the wall) and can, therefore, be employed 
to delay laminar-to-turbulence transition, postpone separation, achieve an 
asymptotic turbulent boxmdary layer (i.e. constant momentum thickness), or 
relaminarize an already turbulent flow. Unfortunately, global suction can not 
be used to reduce the sktn-friction drag in a turbulent boundary layer. The 
amount of suction required to inhibit boundary-layer growth is too large to 
effect a net drag reduction. This is a good illustration of a situation where 
the penalty associated with a control device might exceed the saving derived 
from its use. 

Small amounts of fluid withdrawn from the near-waU region of a bound- 
ary layer change the curvature of the velocity profile at the wall and can 
dramatically alter the stabihty characteristics of the flow. Concurrently, suc- 
tion inhibits the growth of the boundary layer, so that the critical Reynolds 
number^ based on thickness may never be reached. Although laminar flow 
can be maintained to extremely high Reynolds numbers provided that enough 
fluid is sucked away, the goal is to accomplish transition delay with the min- 
imum suction flow rate. This will reduce not only the power necessary to 
drive the suction pump, but also the momentum loss due to the additional 
freestream fluid entrained into the boundary layer as a result of withdraw- 
ing fluid from the wall. That momentum loss is, of course, manifested as an 
increase in the skin-friction drag. 

The case of uniform suction from a flat plate at zero incidence is an ex- 
act solution of the Navier-Stokes equation. The asymptotic velocity profile 
in the viscous region is exponential and has a negative curvature at the wall. 
The displacement thickness has the constant value 5* = v/\v^\, where u is 

^ The lowest Reynolds number at which linear ToUmien-Schhchting waves would 
grow in a particular laminar flow. 
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the kinematic viscosity and \v^\ is the absolute value of the normal velocity 
at the wall. In this case, the famihar von Karman integral equation reads: 
Cf = 2 Cq. Bussmann and Miinz (1942) computed the critical Reynolds 
number for the asymptotic suction profile to be Re§* = Uoq 5* /v — 70,000. 
From the value of 5* given above, the flow is stable to all small disturbances if 
Cq = \v^fr\lUoo > 1.4 X 10“^. The amplification rate of unstable disturbances 
for the asymptotic profile is an order of magnitude less than that for the Bla- 
sius boundary layer (Pretsch, 1942). This treatment ignores the development 
distance from the leading edge needed to reach the asymptotic state. When 
this is included into the computation, a higher Cq (l.l8 x 10“'^) is required 
to ensure stabihty (Iglisch, 1944; UMch, 1944). 

In a turbulent wall-bounded flow, the results of Elena (1975; 1984) and 
more recently of Antonia et al. (1988) indicate that suction causes an ap- 
preciable stabihzation of the low-speed streaks in the near-waU region. The 
maximum turbulence level at y'^ ~ 13 drops from 15 to 12% as Cq varies from 
0 to 0.003. More dramatically, the tangential Reynolds stress near the wall 
drops by a factor of 2 for the same variation of Cq. The dissipation length 
scale near the wall increases by 40% and the integral length scale by 25% 
with the suction. 

The suction rate necessary for establishing an as 5 maptotic turbulent bound- 
ary layer independent of streamwise coordinate (d^e/da; = 0) is much lower 
than the rate required for relaminarization {Cq « 0.01), but still not low 
enough to yield net drag reduction. For Reynolds number based on distance 
from leading edge Re = 0 [lO®] , Favre et al. (1966), Rotta (1970) and Verol- 
let et al. (1972), among others, report an asymptotic suction coefficient of 
Cq PS 0.003. For a zero-pressure-gradient boundary layer on a flat plate, 
the corresponding skin-friction coefficient is Cf = 2Cq = 0.006, indicating 
higher skin friction than if no suction was applied. To achieve a net skin- 
friction reduction with suction, the process must be further opturdzed. One 
way to accomphsh that is to target the suction towards particular organized 
structures within the boundary layer and not to use it globally as in classi- 
cal control schemes. This point will be revisited in Sect. 4, but the coherent 
structures to be targeted are first described in Sect. 3. 

3 Coherent Structures 

The discussion in Sect. 2 indicates that achieving a particular control goal 
is always possible. The challenge is reaching that goal with a penalty that 
can be tolerated. Suction, for example, would lead to a net drag reduction, 
if only we could reduce the suction coefficient necessary for estabhshing an 
asymptotic turbulent boundary layer to below one-half of the unperturbed 
skin-friction coefficient. A more efficient way of using suction, or any other 
global control method, is to aim at a particular coherent structure within 
the turbulent boundary layer. Before discussing this selective control idea, we 
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briefly describe in this section the different hierarchy of organized structures 
in a wall-bounded flow. 

The classical view that turbulence is essentially a stochastic phenomenon 
having a randomly fluctuating velocity fleld superimposed on a well-defined 
mean has been changed in the last few decades by the realization that the 
transport properties of all turbulent shear flows are dominated by quasi- 
periodic, large-scale vortex motions (Laufer, 1975; Cantwell, 1981; Fiedler, 
1988; Robinson, 1991). Despite the extensive research work in this area, 
no generally accepted definition of what is meant by coherent motion has 
emerged. In physics, coherence stands for well-defined phase relationship. For 
the present purpose we adopt the rather restrictive definition given by Hus- 
sain (1986): a coherent structure is a connected turbulent fluid mass with in- 
stantaneously phase-correlated vorticity over its spatial extent. In other words, 
underlying the random, three-dimensional vorticity that characterizes turbu- 
lence, there is a component of large-scale vorticity which is iustantaneously 
coherent over the spatial extent of an organized structure. The apparent ran- 
domness of the flow fleld is, for the most part, due to the random size and 
strength of the different types of organized structures comprising that fleld. 

In a wall-bounded flow, a multiphcity of coherent structures have been 
identified mostly through flow visualization experiments, although some im- 
portant early discoveries have been made using correlation measurements 
(e.g., Townsend, 1961; 1970; Bakewell and Lumley, 1967). Although the ht- 
erature on this topic is vast, no research-community-wide consensus has been 
reached particularly on the issues of the origin of and interaction between the 
different structures, regeneration mechanisms, and Reynolds number effects. 
What follow are somewhat biased remarks addressing those issues, gath- 
ered mostly via low-Reynolds number experiments.^ The interested reader 
is referred to the large number of review articles available (e.g., Kovasznay, 
1970; Laufer, 1975; Wilhnarth, 1975a; 1975b; Saffman, 1978; Cantwell, 1981; 
Fiedler, 1986; 1988; Blackwelder, 1988; Robinson, 1991). The last reference in 
particular summarizes many of the different, sometimes contradictory, con- 
ceptual models offered thus far by different research groups. Those models 
are aimed ultimately at explaining how the turbulence maintains itself, and 
range from the speculative to the rigorous but none, unfortunately, is self- 
contained and complete. Furthermore, the structure research dwells largely 
on the kinematics of organized motion and httle attention is given to the 
dynamics of the regeneration process. 

In a boundary layer, the turbulence production process is dominated by 
three kinds of quasi-periodic eddies: the large outer structures, the interme- 
diate Falco eddies, and the near-wall events. The large, three-dimensional 
structures scale with the boundary layer thickness, 5, and extend across the 
entire layer (Kovasznay et al., 1970; Blackwelder and Kovasznay, 1972). These 

^ See Gad-el-Hak and Bandyopadhyay (1994) for a discussion of Reynolds number 
effects. 
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eddies control the dynamics of the boundary layer in the outer region, such as 
entrainment, turbulence production, etc. They appear randomly in space and 
time, and seem to be, at least for moderate Reynolds numbers, the residue 
of the transitional Emmons spots (Zilberman et ah, 1977; Gad-el-Hak et al., 
1981). The Falco eddies are also highly coherent and three dimensional. Falco 
(1974; 1977) named them typical eddies because they appear in wakes, jets, 
Emmons spots, grid-generated turbulence, and boundary layers in zero, fa- 
vorable and adverse pressure gradients. They have an intermediate scale of 
about 100 (100 wall units; u-j- is the friction velocity and vjur^s, the vis- 

cous length-scale). The Falco eddies appear to be an important link between 
the large structures and the near-wall events. 

The third kind of eddies exists in the near-waU region {0 < y < IOOu/ut) 
where the Reynolds stress is produced^ in a very intermittent fashion. Half of 
the total production of turbulence kinetic energy (— mJ dU/dy^ takes place 
near the wall in the first 5% of the boundary layer at typical laboratory 
Reynolds numbers (smaller fraction at higher Reynolds numbers), and the 
do min ant sequence of eddy motions there are collectively termed the burst- 
ing phenomenon. This d 5 mamically significant process was reviewed by Will- 
marth (1975) and Blackwelder (1978) and more recently by Robinson (1991). 
Qualitatively, the process, according to at least one school of thought, begins 
with elongated, counter-rotating, streamwise vortices having diameters of ap- 
proximately 40 1>/ Ur- The vortices exist in a strong shear and induce low- and 
high-speed regions between them as sketched in Fig. 1. The vortices and the 
accompanying eddy structures occur randomly in space and time. However, 
their appearance is regular enough that an average spanwise wavelength of 
approximately 80 to IQQu/ur has been identified by Kline et al. (1967) and 
others. KHne et al. also observed that the low-speed regions grow downstream 
and develop inflectional U{y) profiles. At approximately the same time, the 
interface between the low- and high-speed fluid begins to oscillate, appar- 
ently signaling the onset of a secondary instability. The low-speed region hfts 
up away from the wall as the oscillation amplitude increases, and then the 
flow rapidly breaks down into a completely chaotic motion. Since this lat- 
ter process occurs on a very short time scale, Kline et al. called it a burst. 
Corino and Brodkey (1969) showed that the low-speed regions are quite nar- 
row, i.e., z = 20u/ur, and may also have significant shear in the spanwise 
direction. Virtually all of the net production of turbulence kinetic energy in 
the near-wall region occurs during these bursts. 

Considerably more has been learned about the bursting process during 
the last decade. For example, Falco (1980; 1983; 1991) has shown that when a 
t 3 q)ical eddy, which may be formed in part by ejected wall-layer fluid, moves 

^ In high-Reynolds-number flows, the Reynolds stress peaks, and therefore is pro- 
duced, outside the near- wall region (see Gad-el-Hak and Bandyopadhyay, 1994). 
This contrasts the production of turbulence kinetic energy which always peaks 
near the wall, say y"*” 13. 
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Fig. 1. Model of near-wall turbulent boundary-layer structure (adapted from Black- 
welder, 1978) 



over tbe wall it induces a high uv sweep (positive u and negative v). The wall 
region is continuously bombarded by pockets of high-speed fluid originating in 
the logarithmic and possibly the outer layers of the flow. These pockets tend 
to promote and/or enhance the inflectional velocity profiles by increasing 
the instantaneous shear leading to a more rapidly growing instabflity. Black- 
welder and Haritonidis (1983) have shown convincingly that the frequency 
of occurrence of these events scales with the viscous parameters consistent 
with the usual boundary layer scaling arguments. An excellent review of the 
dynamics of turbulent boimdary layers has recently been provided by Sreeni- 
vasan (1989). More information about coherent structures in high-Reynolds 
nmnber boundary layers is given by Gad-el-Hak and Bandyopadhyay (1994). 
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4 Reactive Control 



4.1 Introductory Remarks 



Targeted control implies sensing and reacting to a particular quasi-periodic 
structure in tke boundary layer. The wall seems to be the logical place for 
such reactive control, because of the relative ease of placing something in 
there, the sensitivity of the flow in general to surface perturbations, and 
the proximity and therefore accessibility to the dynamically all important 
near-wall coherent events. According to Wilkinson (1990), there are very few 
actual experiments that use embedded wall sensors to initiate a surface ac- 
tuator response (Alshamani et ah, 1982; Wflkmson and Balasubramanian, 
1985; Nosenchuck and Lynch, 1985; Breuer et ah, 1989). This six-year-old 
assessment is fast changing, however, with the introduction of microfabri- 
cation technology that has the potential for producing small, inexpensive, 
programmable sensor/actuator chips. Witness the more recent reactive con- 
trol attempts by Kwong and Dowling (1993), Reynolds (1993), Jacobs et 
al. (1993), Jacobson and Reynolds (1993a; 1993b; 1994; 1995), Fan et al 
(1993), James et al. (1994), and Keefe (1997). Fan et al. and Jacobson and 
Reynolds even consider the use of self-learning neural networks for increased 
computational speeds and efficiency. Recent reviews of reactive flow control 
include those by Gad-el-Hak (1994; 1996), Lumley (1996), McMichael (1996), 
Mehregany et al. (1996), and Ho and Tai (1996). 

Numerous methods of flow control have already been successfully im- 
plemented in practical engineering devices. Yet, limitations exist for some 
familiar control techniques when applied to specific situations. For example, 
in attempting to reduce the drag or enhance the lift of a body having a tur- 
bulent boundary layer using global suction, the penalty associated with the 
control device often exceeds the saving derived from its use. What is needed 
is a way to reduce this penalty to achieve a more efficient control. Reactive 
control geared specifically towards manipulating the coherent structures in 
turbulent shear flows, though considerably more complicated than passive 
control or even predetermined active control, has the potential to do just 
that. As will be argued in this and the following three sections, future sys- 
tems for control of turbulent flows in general and turbulent boundary layers 
in particular could greatly benefit from the merging of the science of chaos 
control, the technology of microfabrication, and the newest computational 
tools collectively termed soft computing. Such systems are envisaged as con- 
sisting of a large number of intelligent, communicative wall sensors and ac- 
tuators arranged in a checkerboard pattern and targeted towards controlling 
certain quasi-periodic, dynamically significant coherent structures present in 
the near-wall region. 
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4.2 Targeted Control 

As discussed iu Chap. 1, successful techniques to reduce the skin friction 
in a turbulent flow, such as poi 5 oners, particles or riblets, appear to act 
indirectly through local interaction with discrete turbulent structures, par- 
ticularly small-scale eddies, within the flow. Common characteristics of all 
these methods are increased losses in the near-wall region, thickening of the 
buffer layer, and lowered production of Reynolds shear stress (Bandyopad- 
hyay, 1986). Methods that act directly on the mean flow, such as suction 
or lowering of near-wall viscosity, also lead to inhibition of Reynolds stress. 
However, skin friction is increased when any of these velocity-proflle modifiers 
is apphed globally. 

Could these seemingly inefficient techniques, e.g. global suction, be used 
more sparingly and be optimized to reduce their associated penalty? It ap- 
pears that the more successful drag-reduction methods, e.g. polymers, act 
selectively on particular scales of motion and are thought to be associated 
with stabilization of the secondary instabilities. It is also clear that energy 
is wasted when suction or heating/cooling is used to suppress the turbu- 
lence throughout the boundary layer when the main interest is to affect a 
near-wall phenomenon. One ponders, what would become of wall turbulence 
if specific coherent structures are to be targeted, by the operator through 
a reactive control scheme, for modification? The m 3 o:iad of organized struc- 
tures present in all shear flows are instantaneously identifiable, quasi-periodic 
motions (Cantwell, 1981; Robinson, 1991). Bursting events in wall-bounded 
flows, for example, are both intermittent and random in space as well as time. 
The random aspects of these events reduce the effectiveness of a predeter- 
mined active control strategy. If such structures are nonintrusively detected 
and altered, on the other hand, net performance gain might be achieved. 
It seems clear, however, that temporal phasing as well as spatial selectivity 
would be required to achieve proper control targeted towards random events. 

A nonreactive version of the above idea is the selective suction technique 
which combines suction to achieve an asymptotic turbulent boundary layer 
and longitudinal riblets to fix the location of low-speed streaks. Although far 
from indicating net drag reduction, the available results are encouraging and 
further optimization is needed. When implemented via an array of reactive 
control loops, the selective suction method is potentially capable of skin- 
friction reduction that approaches 60%. 

The genesis of the selective suction concept can be found in the papers 
by Gad-el-Hak and Blackwelder (1987; 1989) and the patent by Blackwelder 
and Gad-el-Hak (1990). These researchers suggest that one possible means of 
optimizing the suction rate is to be able to identify where a low-speed streak 
is presently located and apply a small amount of suction under it. Assuming 
that the production of turbulence kinetic energy is due to the instability of 
an inflectional U{y) velocity profile, one needs to remove only enough fluid 
so that the inflectional natiue of the profile is alleviated. An alternative tech- 
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nique that could conceivably reduce the Reynolds stress is to inject fluid 
selectively under the high-speed regions. The immediate effect of normal in- 
jection would be to decrease the viscous shear at the wall resulting in less 
drag. In addition, the velocity profiles in the spanwise direction, U{z), would 
have a smaller shear, dU/dz^ because the suction/injection would create a 
more uniform flow. Since Swearingen and Blackwelder (1984) have found that 
inflectional U{z) profiles occur as often as inflection points are observed in 
U[y) proflles, suction under the low-speed streaks and/or injection under the 
high-speed regions would decrease this shear and hence the resulting insta- 
bihty. The combination of selective suction and injection is sketched in Fig. 
2. In Fig. 2a, the vortices are ideahzed by a periodic distribution in the span- 
wise direction. The mstantaneous velocity profiles without transpiration at 
constant y and 2 ; locations are shown by the dashed lines in Figs. 2b and 2c, 
respectively. Clearly, the U {yo, z) profile is inflectional, having two inflection 
points per wavelength. At z\ and 23 , an inflectional U{y) profile is also ev- 
ident. The same profiles with suction at z\ and 2:3 and injection at Z 2 are 
shown by the solid lines. In all cases, the shear associated with the inflec- 
tion points would have been reduced. Since the inflectional profiles are all 
inviscidly unstable with growth rates proportional to the shear, the resulting 
instabihties would be weakened by the suction/injection process. 



The feasibihty of the selective suction as a drag-reducing concept has been 
demonstrated by Gad-el-Hak and Blackwelder (1989) and is indicated in Fig. 
3. Low-speed streaks were artificially generated in a laminar boundary layer 
using three spanwise suction holes as per the method proposed by Gad-el-Hak 
and Hussain (1986), and a hot-film probe was used to record the near-wall 
signature of the streaks. An open, feedforward control loop with a phase lag 
was used to activate a predetermined suction from a longitudinal slot lo- 
cated in between the spanwise holes and the downstream hot-fihn probe. An 
equivalent suction coefficient of Cq = 0.0006 was sufficient to eliminate the 
artificial events and prevent bursting. This rate is five times smaller than the 
asymptotic suction coefficient for a corresponding turbulent boundary layer. 
If this result is sustained in a naturally developing turbulent boundary layer, 
a skin-friction reduction of close to 60% would be attained. Gad-el-Hak and 
Blackwelder (1989) propose to combine suction with non-planar surface mod- 
ifications. Minute longitudinal roughness elements if properly spaced in the 
spanwise direction greatly reduce the spatial randomness of the low-speed 
streaks (Johansen and Smith, 1986). By withdrawing the streaks forming 
near the peaks of the roughness elements, less suction should be required to 
achieve an asymptotic boundary layer. Experiments by Wilkinson and Lazos 
(1987) and Wilkinson (1988) combine suction/blowing with thin-element ri- 
blets. Although no net drag reduction is yet attained in these experiments, 
their results indicate some advantage of combining suction with riblets as 
proposed by Gad-el-Hak and Blackwelder (1987; 1989). 
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a. Streamwise Vortices in the y-z Plane. 
Suction / Injection Applied at z^. Z£ and Z3. 

J 




b. Resulting Spanwise Velocity Distribution at y = . 




Pig. 2. Effects of suction/injection on velocity profiles. Broken lines: reference pro- 
files. Solid lines: profiles with, transpiration applied, (a) Streamwise vortices in tlie 
J/-Z plane, suction/injection applied at zi, Z2 and Z3. (b) Resulting spanwise velocity 
distribution at y = yo- (c) Velocity profiles normal to the surface. 



The recent numerical experiments of Choi et al. (1994) also vahdate the 
concept of targeting suction/injection to specific near-wall events in a tur- 
bulent channel flow. Based on complete interior flow ioformation and using 
the rather simple, heuristic control law proposed earher by Gad-el-Hak and 
Blackwelder (1987), Choi et al.’s direct numerical simulations indicate a 20% 
net drag reduction accompanied by significant suppression of the near-wall 
structures and the Reynolds stress throughout the entire wall-bounded flow. 
When only wall information was used, a drag reduction of 6% was observed; a 
rather disappointing result considering that sensing and actuation took place 
at every grid point along the computational wall. In a practical implemen- 
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a. Cq = 0.0. 




TIME ( s ) 



b. Cq = 0.0006. 



Fig. 3. EflPects of suction from a streamwise slot on five artificially induced burstlike 
events in a laminar boundary layer (jfiom Gad-el-Hak and Blackwelder, 1989). (a) 
Cq = 0.0. (b) Cq = 0.0006 



tation of this technique, even fewer wall sensors would perhaps be available, 
measuring only a small subset of the accessible information and thus requir- 
ing even more sophisticated control algorithms to achieve the same degree 
of success. Low-dimensional models of the near-wall flow (Sect. 5) and soft 
computing tools (Sect. 7) can help in constructing more effective control al- 
gorithms. 

Time sequences of the numerical flow field of Choi et al. (1994) indicate 
the presence of two distinct drag-reducing mechanisms when selective suc- 
tion/injection is used. First, deterring the sweep motion, without modifying 
the primary streamwise vortices above the wall, and consequently moving the 
high-shear regions from the surface to the interior of the channel, thus di- 
rectly reducing the skin friction. Secondly, changing the evolution of the wall 
vorticity layer by stabilizing and preventing lifting of the near-wall span- 
wise vorticity, thus suppressing a potential source of new streamwise vortices 
above the surface and interrupting a very important regeneration mechanism 
of turbulence. 

Three new developments have relevance to the issue at hand. Firstly, 
the recently demonstrated abflity to revert a chaotic system to a periodic 
one may provide optimal nonlinear control strategies for further reduction in 
the amount of suction (or the energy expenditure of any other active wall- 
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modulation technique) needed to attain a given degree of flow stabilization. 
This is important since, as seen from Equation (20) of Chap. 1, net drag 
reduction achieved in a turbulent boundary layer increases as the suction 
coeflS.cient decreases. Secondly, to selectively remove the randomly occurring 
low-speed streaks, for example, would ultimately require reactive control. In 
that case, an event is targeted, sensed and subsequently modulated. Micro- 
fabrication technology provides opportunities for practical implementation 
of the required large array of inexpensive, programmable sensor/actuator 
chips. Thirdly, newly introduced soft computing tools include neural net- 
works, fuzzy logic and genetic algorithms and are now more advanced as well 
as more widely used as compared to just few years ago. These tools could 
be very useful in constructing effective adaptive controllers. All three novel 
developments will be discussed in turn in Sects. 5-7. 

4.3 Reactive Feedback Control 

As was schematically depicted in Fig. 3 of Chap. 1, a control device can be 
passive, requiring no auxfliary power, or active, requiring energy expenditure. 
Active control is further divided into predetermined or reactive. Predeter- 
mined control includes the application of steady or unsteady energy input 
without regard to the particular state of the flow. The control loop iu this 
case is open as was shown m Fig. 4a of Chap. 1, and no sensors are required. 
Reactive control is a special class of active control where the control input 
is continuously adjusted based on measurements of some kind. The control 
loop in this case can either be an open, feedforward one (Fig. 4b) or a closed, 
feedback loop (Fig. 4c). 

The distinction between feedforward and feedback is particularly impor- 
tant when dealing with the control of flow structures which convect over 
stationary sensors and actuators. In feedforward control, the measured vari- 
able and the controlled variable differ. For example, the pressure or velocity 
can be sensed at an upstream location, and the resulting signal is used to- 
gether with an appropriate control law to trigger an actuator which in turn 
influences the velocity at a downstream position. Feedback control, on the 
other hand, necessitates that the controlled variable be measured, fed back 
and compared with a reference input. 

Moin and Bewley (1994) categorize reactive feedback control strategies by 
examining the extent to which they are based on the governing flow equations. 
Four categories are discerned: adaptive, physical model-based, dynamical 
systems-based, and optimal control (Fig. 3 of Chap. 1). Note that except for 
adaptive control, the other, three categories of reactive feedback control can 
also be used in the feedforward mode or the combined feedforward-feedback 
mode. Also, in a convective environment such as that for a boundary layer, a 
controller would perhaps combine feedforward and feedback information and 
may include elements from each of the four classifications. Each of the four 
categories is briefly described below. 




2 Frontiers of Flow Control 123 



Adaptive schemes attempt to develop models and controllers via some 
learning algorithm without regard to the details of the flow physics. System 
identification is performed independently of the flow dynamics or the Navier- 
Stokes equations which govern this dynamics. An adaptive controller tries 
to optimize a specified performance index by providing a control signal to 
an actuator. In order to update its parameters, the controller thus requires 
feedback information relating to the effects of its control. The most recent in- 
novation in adaptive flow control schemes involves the use of neural networks 
which relate the sensor outputs to the actuator inputs through functions 
with variable coefficients and nonlinear, sigmoid saturation functions. The 
coefficients are updated using the so-called back-propagation algorithm, and 
complex control laws can be represented with a sufficient number of terms. 
Hand tuning is required, however, to achieve good convergence properties. 
The nonlinear adaptive technique has been used with d ifferent degrees of 
success by Fan et al. (1993) and Jacobson and Reynolds (1993b; 1995) to 
control, respectively, the transition process and the bursting events in turbu- 
lent boundary layers. We will return to this subject in Sect. 7. 

Heuristic physical arguments can instead be used to establish effective 
control laws. That approach obviously will work only in situations in which 
the dominant physics are well understood. An example of this strategy is the 
active cancellation scheme, used by Gad-el-Hak and Blackwelder (1989) in a 
physical experiment and by Choi et al. (1994) in a numerical experiment, to 
reduce the drag by mitigating the effect of near-wall vortices. As mentioned 
earlier, the idea is to oppose the near-wall motion of the fluid, caused by the 
streamwise vortices, with an opposing wall control, thus lifting the high-shear 
region away from the surface and interrupting the turbulence regeneration 
mechanism. 

Nonlinear dynamical systems theory allows turbulence to be decomposed 
into a small number of representative modes whose dynamics are examined to 
determine the best control law. The task is to stabilize the attractors of a low- 
dimensional approximation of a turbulent chaotic system. The best known 
example is the OGY method which, when applied to simpler, small-number 
of degrees of freedom systems, achieves stabilization with minute expenditure 
of energy. This and other chaos control strategies, especially as applied to the 
more complex turbulent flows, will be revisited in Sect. 5.2. 

Finally, optimal control theory applied directly to the Navier-Stokes equa- 
tions can, in principle, be used to minimize a cost function in the space of 
the control. This strategy provides perhaps the most rigorous theoretical 
framework for flow control. As compared to other reactive control strategies, 
optimal control apphed to the full Navier-Stokes equations is also the most 
computer-time intensive. In this method, feedback control laws are derived 
systematically for the most efficient distribution of control effort to achieve a 
desired goal. Abergel and Temam (1990) developed such optimal control the- 
ory for suppressing turbulence in a numerically simulated, two-dimensional 
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Navier-Stokes flow, but their method requires au impractical fuU flow-field 
iuformatiou. Choi et al. (1993) developed a more practical, wall-mformation- 
only, sub-optimal control strategy which they apphed to the one-dimensional 
stochastic Burgers equation. Later apphcation of the sub-optimal control the- 
ory to a numerically simulated turbulent channel flow is reported by Moin 
and Bewley (1994). 



4.4 Required Characteristics 

The randomness of the bursting events necessitates temporal phasing as well 
as spatial selectivity to effect selective control. Practical applications of meth- 
ods targeted at controlling a particular turbulent structure to achieve a pre- 
scribed goal would therefore require implementing a large number of sur- 
face sensors/actuators together with appropriate control algorithms. That 
strategy for controlling wall-bounded turbulent flows has been advocated by, 
among others and in chronological order, Gad-el-Hak and Blackwelder (1987; 
1989), Lumley (1991; 1996), Choi et al. (1992), Re 3 molds (1993), Jacobson 
and Reynolds (1993b; 1995), Moin and Bewley (1994), Gad-el-Hak (1994; 
1996), McMichael (1996), and Mehregany et al. (1996). 

It is iostructive to estimate some representative characteristics of the 
required array of sensors/actuators. Consider a typical commercial aircraft 
cruising at a speed of Uqq = 300 m/s and at an altitude of 10 km. The density 
and kinematic viscosity of air and the miit Reynolds number in this case are, 
respectively, p = 0.4kg/m^, i/ = 3 x 10~®m^/s, and Re = lO’^/m. Assume 
further that the portion of fuselage to be controlled has a turbulent boundary 
layer characteristics which are identical to those for a zero-pressure-gradient 
flat plate at a distance of 1 m from the leading edge. In this case, the skin- 
friction coefficient and the friction velocity are, respectively, Cf = 0.003 and 
Ur - 11.62 m/s.'^ At this location, one viscous wall unit is only iz/u,- = 2.6 mi- 
crons. In order for the surface array of sensors/actuators to be hydraulically 
smooth, it should not protrude beyond the viscous sublayer, or 5 = 13 ju. 

Wall-speed streaks are the most visible, rehable and detectable indica- 
tors of the preburst turbulence production process. The detection criterion 
is simply low velocity near the wall, and the actuator response should be to 
accelerate (or to remove) the low-speed region before it breaks down. Lo- 
cal wall motion, tangential injection, suction or heating triggered on sensed 
wall-pressure or wall-shear stress could be used to cause local acceleration of 
near-wall fluid. 

The recent numerical experiments of Berkooz et al. (1993) indicate that 
effective control of bursting pair of rolls may be achieved by using the equiv- 

‘ Note that the skia friction decreases as the distance from the leading increases. 
It is also strongly affected by such things as the externally imposed pressure 
gradient. Therefore, the estimates provided in here are for illustration purposes 
only. 
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alent of two wall-mounted shear sensors. If the goal is to stabilize or to ehmi- 
nate all low-speed streaks in the boundary layer, a reasonable estimate for the 
spanwise and streamwise distances between individual elements of a checker- 
board array is, respectively, 100 and 1000 wall units,^ or 260 /i and 2600 fi, 
for our particular example. A reasonable size for each element is probably 
one-tenth of the spanwise separation, or 26 /i. A (1 m x 1 m) portion of the 
surface would have to be covered with about n = 1.5 miUion elements. This is 
a colossal number, but the density of sensors/actuators could be considerably 
reduced if we moderate our goal of targeting every single bursting event (and 
also if less conservative assumptions are used). 

It is well known that not every low-speed streak leads to a burst. On the 
average, a particular sensor would detect an incipient bursting event every 
wall-unit interval of P'*’ = Pu^/v = 250, or P = 56 ytzs. The corresponding 
dimensionless and dimensional frequencies are /+ = 0.004 and f — IS kHz, 
respectively. At different distances from the leading edge and in the presence 
of nonzero-pressure gradient, the sensors/actuators array would have different 
characteristics, but the corresponding numbers would stiU be in the same 
ballpark as estimated in here. 

As a second example, consider an underwater vehicle moving at a speed 
of UoQ = 10 m/s. Despite the relatively low speed, the unit Reynolds number 
is stUl the same as estimated above for the air case. Re = lO’^/m, due to 
the much lower kinematic viscosity of water. At one meter from the leading 
edge of an imaginary flat plate towed in water at the same speed, the friction 
velocity is only Ur — 0.39 m/s, but the wall unit is still the same as in the air- 
craft example, u/ur = 2.Q fi. The density of required sensors/actuators array 
is the same as computed for the aircraft example, n = 1.5 x 10® elements/m^. 
The anticipated average frequency of sensing a bursting event is, however, 
much lower at / = 600 Hz . 

Similar calculations have been recently made by Gad-el-Hak (1993; 1994), 
Reynolds (1993) and Wadsworth et al. (1993). Their results agree closely with 
the estimates made here for typical fleld requirements. In either the airplane 
or the submarine case, the actuator’s response need not be too large. As will 
be shown in Sect. 6, wall displacement on the order of 10 wall units (26 /i in 
both examples), suction coefficient of about 0.0006, or surface cooling/heating 
on the order of 40°C/2°C (in the first/second example, respectively) should 
be sufficient to stabilize the turbulent flow. 



® These are equal to, respectively, the average spanwise wavelength between two 
adjacent streaks and the average streamwise extent for a typical low-speed re- 
gion. One can argue that those estimates are too conservative: once a region is 
relaminarized, it would perhaps stay as such for quite a while as the flow convects 
downstream. The next row of sensors/actuators may therefore be relegated to a 
downstream location well beyond 1000 wall units. Relatively simple physical or 
numerical experiments could settle this issue. 
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As computed in the two examples above, both the required size for a sen- 
sor/ actuator element and the average frequency at which an element would 
be activated are within the presently known capabilities of microfabrication 
technology. The number of elements needed per unit area is, however, alarm- 
ingly large. The unit cost of manufacturing a programmable sensor/ actuator 
element would have to come down dramatically, perhaps matching the unit 
cost of a conventional transistor, before the idea advocated in here would 
become practical. 

An additional consideration to the size, amphtude and frequency response 
is the energy consumed by each sensor /actuator element. Total energy con- 
sumption by the entire control system obviously has to be low enough to 
achieve net savings. Consider the foUowiug calculations for the aircraft ex- 
ample. One meter from the leading edge, the skin-friction drag to be reduced 
is approximately 54N/m^. Engine power needed to overcome this retarding 
force per unit area is 16 kW/m^, or 10^ /iW/sensor. If a 60% drag-reduction is 
achieved,® this energy consumption is reduced to 4320 /^W/sensor. This num- 
ber will increase by the amount of energy consumption of a sensor/ actuator 
unit, but hopefully not back to the uncontrolled levels. The voltage across a 
sensor is t 3 q)ically in the range oiV = 0.1-1 V, and its resistance in the range 
of jR = 0.1-1 M12. This means a power consumption by a typical sensor in the 
range ofV = V^/R = 0.1-10 fiW, well below the anticipated power savings 
due to reduced drag. For a single actuator in the form of a spring-loaded 
diaphragm with a spring constant of k = 100 N/m and oscillating up and 
down at the bursting frequency of / = 18 kHz with an amphtude of y = 26 
microns, the power consumption is 7^ = (1/2) ky^ f = 600 /zW/actuator. K 
suction is used instead, Cq = 0.0006, and assuming a pressure difference of 
Ap = lO'^N/m^ across the suction holes/slots, the corresponding power con- 
sumption for a single actuator is V = Cq Uoq Ap/n = 1200 /zW/actuator. It 
is clear then that when the power penalty for the sensor/actuator is added 
to the lower-fevel drag, a net saving is stiff achievable. The correspond- 
ing actuator power penalties for the submarine example are even smaller 
(V = 20 /zW / actuator for the waff motion actuator, and 7^ = 40 /zW / actuator 
for the suction actuator), and larger savings are therefore possible. 



5 Chaos Control 

5.1 Nonlinear Dynamical Systems Theory 

In the theory of dynamical systems, the so-called butterfly effect denotes sen- 
sitive dependence of nonlinear differential equations on initial conditions. The 
solution of such equations may be in the form of a strange attractor whose 

A not-too-farfetclied goal according to the selective suction results discussed in 
Sect. 4.2. 
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intrinsic structure contains a well-defined mechanism to produce a chaotic be- 
havior without requiring random forcing. A question arises naturally: just as 
small disturbances can radically grow within a deterministic system to yield 
rich, unpredictable behavior, can minute adjustments to a system parameter 
be used to reverse the process and control, i.e. regularize, the behavior of 
a chaotic system? Recently, that question was answered in the affirmative 
theoretically as well as experimentally, at least for system orbits which reside 
on low-dimensional strange attractors (see the review by Lindner and Ditto, 
1995). Before describing such strategies for controlling chaotic systems, we 
first summarize the recent attempts to construct a low-dimensional dynami- 
cal systems representation of turbulent boundary layers. Such construction is 
a necessary first step to be able to use chaos control strategies for turbulent 
flows. Additionally, as argued by Lumley (1996), a low-dimensional dynami- 
cal model of the near-wall region used in a Kalman filter (Banks, 1986) can 
make the most of the partial information assembled from a finite number of 
wall sensors. Such filter minimizes in a least square sense the errors caused 
by incomplete information, and thus globally optimizes the performance of 
the control system. 

Boundary layer turbulence is described by a set of nonliuear partial differ- 
ential equations and is characterized by an infinite number of degrees of free- 
dom. This makes it rather difficult to model the turbulence using a dynami- 
cal systems approximation. The notion that a complex, infinite-dimensional 
flow can be decomposed into several low-dimensional subunits is, however, 
a natural consequence of the reahzation that quasi-periodic coherent struc- 
tures dominate the dynamics of seemingly random turbulent shear flows. 
This implies that low-dimensional, localized dynamics can exist in formally 
infinite-dimensional extended systems — such as open turbulent flows. Reduc- 
ing the flow physics to finite-dimensional dynamical systems enables a study 
of its behavior through an examination of the fixed points and the topology 
of their stable and unstable manifolds. In Lumley’s (1991) view, a bursting 
event corresponds to a dynamical system leaving one fixed point and jump- 
ing to another along a heteroclinic cycle. Delaying this jump by holding the 
system near the first fixed point should lead to lower momentum transport 
in the wall region and, therefore, to lower skin-friction drag. 

In one significant attempt the proper orthogonal, or Karhunen-Loeve, de- 
composition method has been used to extract a low-dimensional dynamical 
system from experimental data of the wall region (Aubry et al. 1988; Aubry, 
1990). Aubry et al. (1988) expanded the instantaneous velocity field of a tur- 
bulent boundary layer usiug experimentally determined eigenfunctions which 
are in the form of streamwise rolls. They expanded the Navier-Stokes equa- 
tions using these optimally chosen, divergence-free, orthogonal functions, ap- 
plied a Galerkin projection, and then truncated the infinite-dimensional rep- 
resentation to obtain a ten-dimensional set of ordinary differential equations. 
These equations represent the djmamical behavior of the rolls, and are shown 
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to exhibit a chaotic regime as well as an intermittency due to a burst-like 
phenomenon. However, Aubry et al.’s ten-mode d5mamical system displays a 
regular intermittency, in contrast both to that in actual turbulence as well as 
to the chaotic intermittency encountered by Pomeau and Mannevihe (1980) 
in which event durations are distributed stochastically. Nevertheless, the ma- 
jor conclusion of Aubry et al.’s study is that the bursts appear to be produced 
autonomously by the wall region even without turbulence, but are triggered 
by turbulent pressure signals from the outer layer. More recently, Berkooz 
et al. (1991) generalized the class of wall-layer models developed by Aubry 
et al. (1988) to permit uncoupled evolution of streamwise and cross-stream 
disturbances. Berkooz et al.’s results suggest that the intermittent events 
observed in Aubry et al.’s representation do not arise solely because of the 
effective closure assumption incorporated, but are rather rooted deeper in 
the dynamical phenomena of the wall region. 

In addition to the reductionist viewpoint exemplified by the work of Aubry 
et al. (1988) and Berkooz et al. (1991), attempts have been made to deter- 
mine directly the dimension of the attractors underlying specific turbulent 
flows. Again, the central issue here is whether or not turbulent solutions to 
the in finit e-dimensional Navier-Stokes equations can be asymptotically de- 
scribed by a finite number of degrees of freedom. Grappin and Leorat (1991) 
computed the Lyapunov exponents and the attractor dimensions of two- and 
three-dimensional periodic turbulent flows without shear. They found that 
the number of degrees of freedom contained in the large scales establishes an 
upper bound for the dimension of the attractor. Deane and Sirovich (1991) 
and Sirovich and Deane (1991) numerically determined the number of dimen- 
sions needed to specify chaotic Rayleigh-Benard convection over a moderate 
range of Rayleigh numbers, Ra. They suggested that the intrinsic attractor 
dimension is O . 

The corresponding dimension in wall-bounded flows appears to be daunt- 
ingly high. Keefe et al. (1992) determined the dimension of the attractor 
underlying turbulent Poiseuille flows with spatially periodic boundary con- 
ditions. Using a coarse-grained numerical simulation, they computed a lower 
bound on the Lyapunov dimension of the attractor to be approxhnately 
352 at a pressure-gradient Reynolds number of 3200. Keefe et al. (1992) 
argue that the attractor dimension in fully-resolved turbulence is unlikely to 
be much larger than 780. This suggests that periodic turbulent shear flows 
are deter minis tic chaos and that a strange attractor does underlie solutions 
to the Navier-Stokes equations. Temporal unpredictabihty in the turbulent 
Poiseuille flow is thus due to the exponential spreading property of such at- 
tractors. Although finite, the computed dimension invahdates the notion that 
the global turbulence can be attributed to the interaction of a few degrees of 
freedom. Moreover, in a physical channel or boundary layer, the flow is not 
periodic and is open. The attractor dimension in such case is not known but 
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is believed to be even higher than the estimate provided by Keefe et al. for 
the periodic (quasi-closed) Eow. 

In contrast to closed, absolutely unstable flows, such as Taylor-Couette 
systems, where the number of degrees of freedom can be small, local measure- 
ments in open, convectively unstable flows, such as boundary layers, do not 
express the global dynamics, and the attractor dimension in that case may 
inevitably be too large to be determined experimentally. According to the 
estimate provided by Keefe et al. (1992), the colossal data required (about 
10^, where D is the attractor dimension) for measuring the dimension simply 
exceeds current computer capabilities. 

5.2 Chaos Control 

There is another question of greater relevance here. Given a dynamical system 
in the chaotic regime, is it possible to stabilize its behavior through some kind 
of active control? W hil e other alternatives have been devised (e.g., Fowler, 
1989; Hiibler and Liischer, 1989; Huberman, 1990; Huberman and Turner, 
1990), the recent method proposed by workers at the University of Mary- 
land (Ott et al., 1990a; 1990b; Shinbrot et al., 1990; 1992a; 1992b; 1992c; 
Romeiras et al., 1992) promises to be a significant breakthrough. Compre- 
hensive reviews and bibhographies of the emerging field of chaos control can 
be found in the articles by Shinbrot et al. (1993), Shinbrot (1993; 1995), and 
Lindner and Ditto (1995). 

Ott et al. (1990a) demonstrated, through numerical experiments with the 
Henon map, that it is possible to stabihze a chaotic motion about any pre- 
chosen, unstable orbit through the use of relatively small perturbations. The 
procedure consists of applying minute time-dependent perturbations to one 
of the system parameters to control the chaotic system around one of its 
many unstable periodic orbits. In this context, targeting refers to the process 
whereby an arbitrary initial condition on a chaotic attractor is steered toward 
a prescribed point (target) on this attractor. The goal is to reach the target 
as quickly as possible using a sequence of small perturbations (Kostelich et 
al., 1993a). 

The success of the Ott-Grebogi-Yorke’s (OGY) strategy for controUing 
chaos hinges on the fact that beneath the apparent unpredictability of a 
chaotic system hes an intricate but highly ordered structure. Left to its own 
recourse, such a system continually shifts from one periodic pattern to an- 
other, creating the appearance of randomness. An appropriately controlled 
system, on the other hand, is locked into one particular type of repeatmg mo- 
tion. With such a reactive control the dynamical system becomes one with a 
stable behavior. The OGY-method can be simply illustrated by the schematic 
in Fig. 4. The state of the system is represented as the intersection of a stable 
manifold and an unstable one. The control is apphed intermittently when- 
ever the system departs from the stable manifold by a prescribed tolerance, 
otherwise the control is shut off. The control attempts to put the system 
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back onto tbe stable manifold so that the state converges toward the desired 
trajectory. Umnodeled dynamics cause noise in the system and a tendency 
for the state to wander off in the unstable direction. The intermittent control 
prevents that and the desired trajectory is achieved. This eflB.cient control is 
not unlike trying to balance a ball in the center of a horse saddle (Moin and 
Bewley, 1994). There is one stable direction (front/back) and one unstable 
direction (left/right). The restless horse is the unmodeled dynamics, inter- 
mittently causing the ball to move in the wrong direction. The OGY-control 
needs only be apphed, hi the most direct manner possible, whenever the ball 
wanders off in the left /right direction. 




Fig. 4. The OGY method for controUing chaos 



The OGY-method has been successfully apphed in a relatively simple ex- 
periment by Ditto et al. (1990) and Ditto and Pecora (1993) at the Naval 
Surface Warfare Center, in which reverse chaos was obtained in a para- 
metrically driven, gravitationally buckled, amorphous magnetoelastic ribbon. 
Garftnkel et al. (1992) apphed the same control strategy to stabilize drug- 
induced cardiac arrhythmias in sections of a rabbit ventricle. Other exten- 
sions, improvements and apphcations of the OGY-strategy include higher- 
dimensional targeting (Auerbach et al., 1992; Kostehch et al., 1993b), con- 
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trolling chaotic scattering in Hamiltonian (i.e., nondissipative, area conserva- 
tive) systems (Lai et al., 1993a; 1993b), synchronization of identical chaotic 
systems that govern communication, neural or biological processes (Lai and 
Grebogi, 1993), use of chaos to transmit information (Hayes et al., 1993), con- 
trol of transient chaos (Lai et al, 1994), and taming spatio-temporal chaos 
using a sparse array of controllers (Chen et al., 1993; Qin et al., 1994; Auer- 
bach, 1994). 

In a more complex system, such as a turbulent boundary layer, there 
exist numerous interdependent modes and many stable as well as unstable 
manifolds (directions). Factors that make turbulence control a chaUenging 
task are the potentially quite large perturbations caused by the u nm odeled 
dynamics of the flow, the non-stationary nature of the desired dynamics, and 
the complexity of the saddle shape describing the dynamics of the different 
modes. Nevertheless, the OGY-control strategy has several advantages that 
are of special interest in the control of turbulence: the mathematical model 
for the dynamical system need not be known; only small changes in the 
control parameter are required; and noise can be tolerated (with appropriate 
penalty). 

Recently, Keefe (1993a; 1993b) made a useful comparison between two 
nonlinear control strategies as appfled to fluid problems. Ott-Grebogi-Yorke’s 
feedback method described above and the model-based control strategy orig- 
inated by Hiibler (see, for example, Hiibler and Liischer, 1989; Liischer and 
Hubler, 1989), the H-method. Both novel control methods are essentially 
generalizations of the classical perturbation cancellation technique: apply a 
prescribed forcing to subtract the undesired dynamics and impose the desired 
one. The OGY-strategy exploits the sensitivity of chaotic systems to stabilize 
existing periodic orbits and steady states. Some feedback is needed to steer 
the trajectories toward the chosen fixed point, but the required control sig- 
nal is minuscule. In contrast, Hubler ’s scheme does not explicitly make use of 
the system sensitivity. It produces general control response (periodic or aperi- 
odic) and needs httle or no feedback, but its control inputs are generally large. 
The OGY-strategy exploits the nonlinearity of a dynamical system; indeed 
the presence of a strange attractor and the extreme sensitivity of the dynam- 
ical system to initial conditions are essential to the success of the method. In 
contrast, the H-method works equally for both linear and no n li ne ar systems. 

Keefe (1993a) first examined numerically the two schemes as apphed to 
fully-developed and transitional solutions of the Ginzburg-Landau equation, 
an evolution equation that governs the initially weakly no n l in ear stages of 
transition in several flows and that possesses both transitional and fuUy- 
chaotic solutions. The Ginzburg-Landau equation has solutions that display 
either absolute or convective instabihties, and is thus a reasonable model 
for both closed and open flows. Keefe’s main conclusion is that control of 
nonlinear systems is best obtained by making maximum use possible of the 
nn derlyirig natural dynamics. If the goal dynamics is an unstable nonlinear 
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solution of the equation and the flow is nearby at the instant control is ap- 
phed, both methods perform reliably and at low-energy cost in reaching and 
maintaining this goal. Predictably, the performance of both control strategies 
degrades due to noise and the spatially discrete nature of realistic forcing. 
Subsequently, Keefe (1993b) extended the numerical experiment in an at- 
tempt to reduce the drag in a channel flow with spatially periodic boundary 
conditions. The OGY-method reduces the skin friction to 60-80% of the un- 
controlled value at a mass-flux Re3molds number of 4408. The H-method fails 
to achieve any drag reduction when starting from a fully-turbulent initial con- 
dition but shows potential for suppressing or retarding laminar-to-turbulence 
transition. Keefe (1993a) suggests that the H-strategy might be more appro- 
priate for boundary layer control, while the OGY-method might best be used 
for channel flows. 

It is also relevant to note here the work of Bau and his colleagues at 
the University of Pennsylvania (Singer et al., 1991; Wang et al., 1992), who 
devised a feedback control to stabilize (relaminarize) the naturally occur- 
ring chaotic oscillations of a toroidal thermal convection loop heated from 
below and cooled from above. Based on a simple mathematical model for 
the thermosyphon, Bau and his colleagues constructed a reactive control sys- 
tem that was used to alter significantly the flow characteristics ioside the 
convection loop. Their hnear control strategy, perhaps a special version of 
the OGY’s chaos control method, consists simply of sensing the deviation 
of fluid temperatures from desired values at a number of locations inside 
the thermosyphon loop and then altering the waU heating either to suppress 
or to enhance such deviations. Wang et al. (1992) also suggested extending 
their theoretical and experimental method to more complex situations such 
as those involving Benard convection (Tang and Bau, 1993a; 1993b). Hu and 
Bau (1994) used a similar feedback control strategy to demonstrate that the 
critical Reynolds number for the loss of stabflity of planar PoiseuiUe flow can 
be significantly increased or decreased. 

Other attempts to use low-dimensional dynamical systems representation 
for flow control include the work of Berkooz et al. (1993), Corke et al. (1994), 
and Coller et al. (1994a; 1994b). Berkooz et al. (1993) apphed techniques 
of modern control theory to estimate the phase-space location of dynami- 
cal models of the wall-layer coherent structures, and used these estimates to 
control the model dynamics. Since discrete waU-sensors provide incomplete 
knowledge of phase-space location, Berkooz et al. maintain that a nonlinear 
observer, which incorporates past information and the equations of motion 
into the estimation procedure, is required. Using an extended Kalman filter, 
they achieved effective control of a bursting pair of rolls with the equivalent of 
two wall-mounted shear sensors. Corke et al. (1994) used a low-dimensional 
dynamical system based on the proper orthogonal decomposition to guide 
control experiments for an axisymmetric jet. By sensing the downstream ve- 
locity and actuating an array of miniature speakers located at the lip of the 
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jet, their feedback control succeeded in converting the near-field instabihties 
firom spatial-convective to temporal-global. CoUer et al. (1994a; 1994b) devel- 
oped a feedback control strategy for strongly nonlinear dynamical systems, 
such as turbulent flows, subject to small random perturbations that kick the 
system intermittently from one saddle point to another along heteroclinic 
cycles. In essence, their approach is to use local, weakly nonlinear feedback 
control to keep a solution near a saddle point as long as possible, but then 
to let the natural, global nonlinear dynamics run its course when bursting 
(in a low-dimensional model) does occur. Though conceptually related to the 
OGY-strategy, Coller et al.’s method does not actually stabihze the state but 
merely holds the system near the desired point longer than it would otherwise 
stay. 

Shinbrot and Ottino (1993a; 1993b) offer yet another strategy presumably 
most suited for controlling coherent structures in area-preserving turbulent 
flows. Their geometric method exploits the premise that the d 5 rnamical mech- 
anisms which produce the organized structures can be remarkably simple. By 
repeated stretching and folding of “horseshoes” which are present in chaotic 
systems, Shinbrot and Ottino have demonstrated numerically as well as ex- 
perimentally the abihty to create, destroy and manipulate coherent structures 
in chaotic fluid systems. The key idea to create such structures is to intention- 
ally place folds of horseshoes near low-order periodic points. In a dissipative 
dynamical system, volumes contract in state space and the co-location of a 
fold with a periodic point leads to an isolated region that contracts asymp- 
totically to a point. Provided that the folding is done properly, it counteracts 
stretching. Shinbrot and Ottino (1993a) apphed the technique to three proto- 
typical problems: a one-dimensional chaotic map; a two-dimensional one; and 
a chaotically advected fluid. Shinbrot (1995; 1997) provides recent reviews of 
the stretching/folding as well as other chaos control strategies. 

6 Microfabrication 

Manufacturing processes that can create extremely small machines have been 
developed in recent years (Angell et ai., 1983; Gabriel et al., 1988; Gravesen et 
al., 1993; Gabriel, 1995). In this emerging microfabrication technology, under 
intensive development only since 1990, electronic and mechanical components 
are combined on a single sihcon chip using photohthographic micromachin- 
ing techniques. Motors, electrostatic actuators, pneumatic actuators, valves, 
gears and tweezers of typical size O [10 /i] have been fabricated. These have 
been used as sensors for pressure, temperature, velocity, mass flow, or sound, 
and as actuators for linear and angular motions. Current usage for micro- 
electromechanical systems (MEMS) includes accelerometers for airbags and 
guidance systems, pressure sensors for engine air intake and blood analy- 
sis, rate gyroscopes for antllock brakes, microrelays and microswitches for 
semiconductor automatic test equipment, and microgrippers for surgical pro- 




1 34 Mohamed Gad-el-Hak 



cedures (O’Connor, 1992; Hogan, 1996; Paula, 1996; Ouellette, 1996; Ashley, 
1996; Robinson et al., 1996a; 1996b). There is considerable work under way 
to include other apphcations, one example being the micro-steam engine de- 
scribed by Lipkin (1993). A second example is the digital light processor 
which contains 500,000 individually addressable micromirrors which Texas 
Instruments, Inc., is currently developing for future high-definition televi- 
sions. The company maintains that when mass produced, such device would 
cost around $ 100, a mere 0.02 cent per actuator! 

The new Journal of Microelectromehanical Systems and Journal of Mi- 
cromechanics and Microengineering are dedicated to this technology, and the 
older Sensors and Actuators is increasingly allotting more of its pages to 
MEMS. Entire sessions in scientific meetings have been increasingly assigned 
to MEMS applications in fluid mechanics (see, for example, the presentations 
by McMichael, Tai, Mehregany, Mastrangelo, and Yun, aU made at the AT A A 
Third Shear Flow Control Conference, Orlando, Florida, 6-9 July 1993, and 
the volumes edited by Bandyopadhyay et el., 1994, and Breuer et al., 1996). 
Recent reviews of the use, or potential use, of MEMS in flow control in- 
clude those by Gad-el-Hak (1994; 1996), Lumley (1996), McMichael (1996), 
Mehregany et al. (1996), Ho and Tai (1996), and Keefe (1997). 

MEMS would be ideal for the reactive flow control concept advocated 
in the present chapter. Methods of flow control targeted towards specific 
coherent structures involve nonintrusive detection and subsequent modula- 
tion of events that occur randomly in space and time. To achieve proper 
targeted control of these quasi-periodic vortical events, temporal phasing as 
well as spatial selectivity are required. Practical implementation of such an 
idea necessitates the use of a large number of inteUigent, communicative 
wall sensors and actuators arranged in a checkerboard pattern. Section 4.4 
provided estimates for the number, characteristics and energy consumption 
of such elements required to modulate the turbulent boundary layer which 
develops along a typical commercial aircraft or nuclear submarine. An upper- 
bound number to achieve total turbulence suppression is about one million 
sensors/actuators per square meter of the surface, although as argued earlier 
the actual number needed to achieve effective control could perhaps be 1-2 
orders of magnitude below that. 

The sensors would be expected to measure the amplitude, location, and 
phase or frequency of the signals impressed upon the wall by incipient burst- 
ing events. Instantaneous wall-pressure or waU-shear stress can be sensed, for 
example. The normal or in-plane motion of a minute membrane is propor- 
tional to the respective point force of primary interest. For measuring wall 
pressure, microphone-like devices respond to the motion of a vibrating sur- 
face membrane or an internal elastomer. Several types are available including 
variable-capacitance (condenser or electret), ultrasonic, optical (e.g., optical- 
fiber and diode-laser), and piezoelectric devices (see, for example, Lofdahl 
et aL, 1993; 1994). A potentially useful technique for our purposes has been 
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recently tried at MIT (J. H. Haritonidis, private communications). An array 
of extremely small (0.2 mm in diameter) laser-powered microphones (termed 
picophones) was machined in sihcon using integrated circuit fabrication tech- 
niques, and was used for field measurement of the instantaneous surface pres- 
sure in a turbulent boundary layer. The wall-shear stress, though smaller and 
therefore more difficult to measure than pressure, provides a more rehable 
signature of the near-wall events. 

Actuators are expected to produce a desired change in the targeted coher- 
ent structures. The local acceleration action needed to stabilize an incipient 
bursting event can be in the form of adaptive waU, transpiration or wall heat 
transfer. Traveling surface waves can be used to modify a locally convect- 
ing pressure gradient such that the wall motion follows that of the coherent 
event causing the pressure change. Surface motion in the form of a Gaussian 
hill with height — O[10] should be sufficient to suppress typical incipient 
bursts (Lumley, 1991; Carlson and Lumley, 1996). Such time-dependent al- 
teration in waU geometry can be generated by driving a flexible skin using an 
array of piezoelectric devices (dilate or contract depending on the polarity 
of current passing through them), electromagnetic actuators, magnetoelas- 
tic ribbons (made of nonUnear materials that change their stiffness in the 
presence of varying magnetic fields), or Terfenol-d rods (a novel metal com- 
posite, developed at Grumman Corporation, which changes its length when 
subjected to a magnetic field). Note should also be made of other exotic ma- 
terials that can be used for actuation. For example, electrorheological fluids 
(Halsey and Martin, 1993) instantly sohdify when exposed to an electric field, 
and may thus be useful for the present application. Recently constructed mi- 
croactuators specifically designed for flow control include those by WUtse and 
Glezer (1993), James et al. (1994), Jacobson and Reynolds (1995), Vargo and 
Muntz (1996), and Keefe (1997). 

Suction/injection at many discrete points can be achieved by simply con- 
necting a large number of minute streamwise slots, arranged in a checker- 
board pattern, to a low-pressure/high-pressure reservoir located underneath 
the working surface. The transpiration through each individual slot is turned 
on and off using a corresponding number of independently controlled mi- 
crovalves. Alternatively, positive-displacement or rotary micropumps (see, 
for example. Sen et al., 1996; Sharatchandra et al., 1997) can be used for 
blowing or sucking fluid through small holes/shts. Based on the results of 
Gad-el-Hak and Blackwelder (1989), equivalent suction coefficients of about 
0.0006 should be sufficient to stabffize the near-wall region. Assuming that 
the skin-friction coefficient in the uncontrolled boundary layer is Cf — 0.003, 
and assuming further that the suction used is sufficient to establish an asymp- 
totic boundary layer (dJg/dx = 0, where 5q is the momentum thickness), the 
skin friction in the reactively controlled case is then Cf — 0 + 2Cq — 0.0012, 
or 40% of the original value. The net benefit will, of course, be reduced by 




1 36 Mohamed Gad-el-Hak 



the energy e 2 q)enditure of the suction pump (or micropumps) as well as the 
array of microsensors and microvalves. 

Finally, if the bursting events are to be eliminated by lowering the near- 
wall viscosity, dkect electric-resistance heating can be used in hquid flows and 
thermoelectric devices based on the Peltier effect can be used for cooling in 
the case of gaseous boundary layers. The absolute viscosity of water at 20° C 
decreases by approximately 2% for each 1°C rise in temperature, while for 
room-temperature air, fi decreases by approximately 0.2% for each 1°C drop 
in temperature. The streamwise momentum equation written at the wall can 
be used to show that a suction coefficient of 0.0006 has approximately the 
same effect on the wall-curvature of the instantaneous velocity profile as a 
surface heatiug of 2° C in water or a surface cooling of 40° C in air (Liepmann 
and Nosenchuck, 1982; Liepmann et al., 1982). 

Sensors and actuators of the types discussed in this section can be com- 
bined on individual electronic chips usiug microfabrication technology. The 
chips can be interconnected in a communication network that is controlled 
by a massively parallel computer or a self-learning neural network (Sect. 7), 
perhaps each sensor/actuator unit communicating only with its immediate 
neighbors. In other words, it may not be necessary for one sensor/actuator to 
exchange signals with another far away unit. Factors to be considered in an 
eventual field application of chips produced using microfabrication processes 
include sensitivity of sensors, sufficiency and frequency response of actuators’ 
action, fabrication of large arrays at affordable prices, survivabfiity in the hos- 
tile field environment, and energy required to power the sensors/actuators. 
As argued by Gad-el-Hak (1994), sensor/actuator chips currently produced 
are small enough for typical field apphcation, and they can be programmed 
to provide a sufficiently large/fast action iu response to a certaiu sensor out- 
put (see also Jacobson and Reynolds, 1995). Present prototypes are, however, 
still quite expensive as well as dehcate. But so was the transistor when first 
introduced! It is hoped that the unit price of future sensor/actuator elements 
would follow the same dramatic trends witnessed in case of the simple tran- 
sistor and even the much more complex iutegrated circuit. The price antici- 
pated by Texas Instruments for an array of half a miUion mirrors hints that 
the technology is well in its way to mass-produce phenomenally mexpensive 
microsensors and microactuators. Additionally, current automotive apphca- 
tions are a rigorous proving ground for MEMS: under-the-hood sensors can 
aheady withstand harsh conditions such as intense heat, shock, continual 
vibration, corrosive gases, and electromagnetic fields. 

7 Soft Computing 

The term soft computing was coined by Lotfi Zadeh of the University of 
California, Berkeley, to describe several ingenious modes of computations 
that exploit tolerance for imprecision and uncertainty in complex systems 
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to achieve tractability, robustness and low cost (Yager and Zadeh, 1992; 
Bouchon-Meunier et al., 1995a; 1995b). The principle of complexity provides 
the impetus for soft computing: as the complexity of a system increases, the 
abUity to predict its response diminishes until a threshold is reached beyond 
which precision and relevance become almost mutually exclusive (Noor and 
Jorgensen, 1996). In other words, precision and certainty carry a cost. By 
emplo 5 dng modes of reasoning, probabilistic reasoning, that are approximate 
rather than exact, soft computing can help in searching for globally opti- 
mal design or achieving effectual control while taking into account system 
uncertainties and risks. 

Soft computing refers to a domain of computational intelhgence which 
loosely lies in between purely numerical (hard) computing and purely sym- 
bohc computations. Alternatively, one can think about s 3 unbohc computa- 
tions as a form of artificial intelligence Ijdng in between biological intelh- 
gence and computational intelligence (soft computing). The schematic in Fig. 
5 illustrates the general idea. Artificial intelligence relies on symbohc uffor- 
mation processing techniques and uses logic as representation and inference 
mechanisms. It attempts to approach the high level of human cognition. In 
contrast, soft computing is based on modeling low-level cognitive processes 
and strongly emphasizes modeling of uncertainty as weU as learning. Compu- 
tational intelhgence mimics the abhity of the human brain to employ modes 
of reasoning that are approximate. Soft computing provides a machinery for 
the numeric representation of the types of constructs developed in the sym- 
bofic artificial inteUigence. The boundaries between these paradigms are of 
course fuzzy. 

The principal constituents of soft computing are neurocomputing, fuzzy 
logic and genetic algorithms, as depicted in Fig. 5. These elements, together 
with probabilistic reasoning, can be combined in hybrid arrangements result- 
ing in better systems in terms of paraUelism, fault tolerance, adaptivity and 
uncertainty management. To my knowledge, only neurocomputing has been 
employed for fluid flow control, but the other tools of soft computing may be 
just as useful to construct powerful controUers and have in fact been used as 
such in other fields such as large-scale subway controUers and video cameras. 
A brief description of those three constituents follows. 

Neurocomputing is inspired by the neurons of the human brain and how 
they work. Neural networks are information processing devices that can learn 
by adapting synaptic weights to changes in the surrounding environment, can 
handle imprecise, fuzzy, noisy and probabilistic information, and can gener- 
alize from known tasks (examples) to unknown ones. Actual engineering ori- 
ented hardware are termed artificial neural networks (ANN) while algorithms 
are called computational neural networks (CNN). The nonlinear, highly par- 
allel networks can perform any of the following tasks: classification, pattern 
matching, optimization, control and noise removal. As modeling and opti- 
mization tools, neural networks are particularly useful when good analytic 
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Pig. 5. Tools for soft computing 
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models are either unknown or extremely complex. Neural networks as used 
in fluid flow control will be covered in the following subsection. 

Fuzzy logic was introduced by Lotfi Zadeh in 1965 as a mathematical 
tool to deal with uncertainty and imprecision. The book by Yager and Zadeh 
(1992) is an excellent primer to the field. For computing and reasoning, gen- 
eral concepts (such as size) are implemented into a computer algorithm by 
using mostly words (such as small, medium or large). Fuzzy logic, therefore, 
provides a unique methodology for computing with words. Its rationalism is 
based on three mathematical concepts: fuzzy sets, membership function and 
possibihty. As dictated by a membership fimction, fuzzy sets allow a gradual 
transition from belonging to not belonging to a set. The concept of possibil- 
ity provides a mechanism for interpreting factual statements involving fuzzy 
sets. Three processes are involved in solving a practical problem using fuzzy 
logic: fuzzification, analysis and defuzzification. Given a complex, unsolv- 
able problem in real space, those three steps involve enlarging the space and 
searching for a solution in the new superset, then specializing this solution 
to the original real constraints. 

Genetic algorithms are search algorithms based loosely on the mechan- 
ics of natural selection and natural genetics. They combine survival of the 
fittest among string structures with structured yet randomized information 
exchange, and are used for search, optimization and machine learning. For 
control, genetic algorithms aim at achieving minimum cost function and max- 
imum performance measure while satisfying the problem constraints. The 
books by Goldberg (1989), Davis (1991) and Holland (1992) provide gentle 
introduction to the field. 

In the Darwinian principle of natural selection, the fittest members of 
a species are favored to produce offspring. Even biologists cannot help but 
being awed by the complexity of life observed to evolve in the relatively 
short time suggested by the fossil records. A living being is an amalgam of 
characteristics determined by the (typically tens of thousands) genes in its 
chromosomes. Each gene may have several forms or alternatives called alleles 
which produce differences in the set of characteristics associated with that 
gene. The chromosomes are therefore the organic devices through which the 
structure of a creatine is encoded, and this living being is created partly 
through the process of decoding those chromosomes. Genes transmits heredi- 
tary characters and form specific parts of a self-perpetuated deoxyribonucleic 
acid (DNA) in a cell nucleus. Natural selection is the link between the chro- 
mosomes and the performance of their decoded structures. Simply put, the 
process of natural selection causes those chromosomes that encode successful 
structures to reproduce more often than those that do not. 

In an attempt to solve difficult problems, John H. Holland of the Univer- 
sity of Michigan introduced the man-made version of the procedure of natural 
evolution in the early 1970s. The candidate solutions to a problem are ranked 
by the genetic algorithm according to how well they satisfy a certain criterion. 
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and the fittest members are the most favored to combine amongst themselves 
to form the next generation of the members of the species. Fitter members 
presumably produce even fitter offspring and therefore better solutions to 
the problem at hand. Solutions are represented by binary strings, each trial 
solution is coded as a vector called chromosome. The elements of a chromo- 
some are described as genes, and its varying values at specific positions are 
called alleles. Good solutions are selected for reproduction based on a fitness 
function using genetic recombination operators such as crossover and muta- 
tion. The main advantage of genetic algorithms is their global parallelism in 
which the search efforts to many regions of the search area are simultaneously 
allocated. 

Genetic algorithms have been used for the control of different dynamical 
systems, as for example the optimization of robot trajectories. But to my 
knowledge and at the time of writing this chapter (late 1996), the control 
of fluid flow is yet to benefit from this powerful soft computing tool. In 
particular, when a finite number of sensors are used to gather information 
about the state of the flow, a genetic algorithm perhaps combined with a 
neural network can adapt and learn to use current information to eliminate 
the uncertainty created by insufficient a priori information. 

7.1 Neural Networks 

Biologically inspired neural networks are finding increased apphcations in 
many fields of science and technology. Modeling of complex dynamical sys- 
tems, adaptive noise canceling in telephones and modems, bomb sniffers, 
mortgage-risk evaluators, sonar classifiers, and word recognizers are but a 
few of existing usages of neural nets. The book by Nelson and Illingworth 
(1991) provides a lucid introduction to the field, and the review article by 
Antsakfis (1993) focuses on the use of neural nets for the control of com- 
plex dynamical systems. For flow control apphcations, neural networks offer 
the possibihty of adaptive controllers that are simpler and potentially less 
sensitive to parameter variations as compared to conventional controllers. 
Moreover, if a colossal number of sensors and actuators is to be used, the 
massively parallel computational power of neural nets will surely be needed 
for real-time control. 

The basic elements of a neural network are schematically shown in Fig. 6. 
Several inputs are connected to the nodes (neurons or processing elements) 
that form the input layer. There are one or more hidden layers, followed 
by an output layer. Note that the number of connections is higher than the 
total number of nodes. Both numbers are chosen based on the particular 
apphcation and can be arbitrarily large for complex tasks. Simply put, the 
multi-task, albeit simple, job of each processing element is to evaluate each 
of the input signals to that particular element, calculate the weighted sum 
of the combined inputs, compare that total to some threshold level, and 
finally determine what the output should be. The various weights are the 
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adaptive coefficients which vary dynamically as the network learns to perform 
its assigned task; some inputs are more important than others. The threshold, 
or transfer, function is generally nonlinear; the most common one being the 
continuous sigmoid, or S-shaped, curve, which approaches a minimum and 
maximum value at the asymptotes. If the sum of the weighted inputs is 
larger than the threshold value, the neuron generates a signal; otherwise no 
signal is fired. Neural networks can operate in feedforward or feedback mode.^ 
Complex systems, for which dynamical equations may not be known or may 
be too difficult to solve, can be modeled using neural nets. 




layer layers layer 



Fig. 6. Elements of a neural network 



For flow control, neural networks provide convenient, fast, nonlinear adap- 
tive algorithms to relate sensor outputs to actuator mputs via variable- 
coefficient functions and nonlinear, sigmoid saturation functions. With no 
prior knowledge of the pertinent dynamics, a self-learning neural network 

^ Note that this terminology refers to the direction of information through the 
network. When a neural net is used as a controller, the overall control loop is, 
however, a feedback, closed loop: the self-learning network dynamically updates 
its various parameters by comparing its output to a desired output, thus requiring 
feedback information relating to the effect of its control. 
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develops a model for that dynamics through observations of the apphed con- 
trol and sensed measurements. The network is by nature nonlinear and can 
therefore better handle nonlinear djmamical systems, a difficult task when 
classical, linear or weakly nonlinear, control strategies are attempted. The 
feedforward type of neural network acts as a nonliuear filter forming an out- 
put from a set of input data. The output can then be compared to some de- 
sired output, and the difference (error) is typically used m a back-propagation 
algorithm which updates the network parameters. 

The number of researchers using neural networks to control fluid flows is 
growing rapidly. In here, we provide only a small sample. Using a pre-trained 
neural network. Fan et al. (1993) conducted a conceptual reactive flow control 
experiment to delay laminar-to-turbulence transition. Numerical simulations 
of their flow control system demonstrate almost complete cancellation of sin- 
gle and multiple artificial wave disturbances. Their controller also successfully 
attenuated a natural disturbance signal with developing wave packets firom 
an actual wind-tunnel experiment. 

Jacobson and Reynolds (1993b; 1995) used neural networks to nainimize 
the boundary velocity gradient of three model flows: the one-dimensional 
stochastic Burgers equation; a two-dimensional computational model of the 
near-wall region of a turbulent boundary layer; and a real-time turbulent flow 
with a spanwise array of wall actuators together with upstream and down- 
stream wall-sensors. For all three problems, the neural network successfully 
learned about the flow and developed into proficient controllers. However, for 
the laboratory experiments, Jacobson and Reynolds (1995) report that the 
neural network training time was much longer and the performance was no 
better than a simpler ad hoc controller that they developed. Jacobson and 
Reynolds emphasize that alternative neural net configurations and conver- 
gence algorit hms may, however, greatly improve the network performance. 

Using the angle of attack and angular velocity as inputs, Faller et al. 
(1994) trained a neural network to model the measured unsteady surface pres- 
sure over a pitching airfoil (see also Schreck et al., 1995). Following training 
and using the instantaneous angle of attack and pitch rate as the only inputs, 
their network was able to accurately predict the surface pressure topology as 
well as the time-dependent aerodynamic forces and moments. The model was 
then used to develop a neural network controller for wing-motion actuator 
signals which in turn provided direct control of the liffc-to-drag ratio across a 
wide range of time-dependent motion histories. 

Most recently, Kawthar-Ali and Acharya (1996) developed a neural net- 
work controller for use in suppressing the djmamic-staU vortex that periodi- 
cally develops in the leading edge of a pitching airfoil. Based on the current 
state of the unsteady pressure field, their control system specified the opti- 
mum amoimt of leading-edge suction to achieve complete vortex suppression. 
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8 Concluding Remarks 

The present chapter emphasized the frontiers of the filed of flow control, re- 
viewing the important advances that took place during the past few years. 
An attempt has been made to place the field in a unifying framework and 
to properly categorize the different control strategies. Developments in chaos 
control, microfabrication and soft computing tools are making it more feasible 
to perform reactive control of turbulent flows. Field apphcations, however, 
have to await further progress in those three areas. Other less complex con- 
trol schemes, passive as well as active, are more market ready and are also 
witnessing resurgence of interest. 

As is clear from both this and the previous chapter, there is no lack of flow 
control methods to achieve a particular goal for free as weU as wall-bounded 
flows across the entire range of Mach and Re 5 molds numbers. Ranging from 
simple to complex, from inexpensive to expensive, from passive to active to 
reactive, and from market ready to futuristic, the fluid engineer has a great 
variety of control devices to choose from. Flow control is most effective when 
apphed near the transition or separation points; in other words, near the 
critical flow regimes where flow instabihties magnify quickly. Therefore, de- 
la 3 dng/advancing laminar-to-turbulence transition and preventing/provoking 
separation can be readily accomphshed. To reduce the skin-friction drag in a 
non-separating turbulent boundary layer, where the mean flow is quite stable, 
is a more challenging problem. 

Market-ready techniques include passive and predetermined active con- 
trol. Shaping, suction, heating/coohng and comphant coatings can be used 
to delay transition by an order of magnitude in Reynolds number, and, ex- 
cept for the latter technique (at least at this point of time), can also be used 
to prevent boundary layer separation. The use of polymers, microbubbles, 
riblets and LEBUs can lead to skin-friction reduction in turbulent boundary 
layers. Numerous other techniques are available to reduce form drag, induced 
drag and wave drag. Remaining issues for field apphcation of market-ready 
techniques include cost, maintenance and reliability. Potential further im- 
provements in classical flow control techniques will perhaps involve combining 
more than one technique aiming at achieving a favorable effect that is greater 
than the sum. Examples include combining suction or polymer injection with 
riblets for increased effectiveness and saving. Due to its obvious difficulties, 
synergism has not been extensively studied ia the past but deserves future 
consideration. 

Classical control techniques, though spectacularly successfiil in the past, 
have been extended to near their physical limits. Conventional strategies are 
often ineffective for turbulent flows. Substantial gaius are potentially possible, 
however, when reactive flow control methods are used. Particularly for tur- 
bulent flows, reactive control requires large number of sensors and actuators 
and will not be practical until the technology for manufacturing inexpensive, 
robust microsensors and microactuators becomes available. Autonomous con- 
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trol algorithms and associated computers to handle the required colossal data 
in real time must also be developed. Further research is needed in dy nami cal 
systems theory particularly chaos control, microelectromechanical systems, 
and alternative neural network configurations, convergence algorithms and 
distributed flow control. The difficulties are daunting but the potential pay- 
ofe are enormous. 

The outlook is, however, quite optimistic. Soft computing tools and non- 
linear dynamical systems theory are developing at fast pace. MEMS technol- 
ogy is improving even faster. The abihty of Texas Instruments to produce 
an array of 500,000 individually addressable mirrors for around 0.02 cent per 
actuator is a sign of the spectacular advances anticipated in the near future. 
Existing automotive apphcations of MEMS have aheady proven the abihty 
of such devices to withstand the harsh environment under the hood. What is 
needed now is a focused, well-funded research and development program to 
make it all come together for field apphcation of reactive flow control systems. 

In parting, it might be worth recalling that a mere 10% reduction in the 
total drag of an aircraft translates into a saving of one biUion dollars in annual 
fuel cost for the commercial fleet in the United States alone. Contrast this 
benefit to the annual worldwide cost of perhaps a few milhon dollars for all 
basic research in the broad field of flow control. Taming turbulence, though 
difficult, wifi pay for itself in gold. 

A parting verse from William Shakespeare’s The Taming of the Shrew: 
Hortensio (a gentleman of Padua): Now go thy ways, thou hast tam’d a curst 
shrew, 

Lucentio (a gentleman of Pisa): ’Tis a wonder, by your leave, she will he 
tam’d so. 

The present chapter was part of the author’s contribution to the short 
course Flow Control: Fundamentals and Practices, held in Cargese, Corsica, 
France, 24-28 June 1996, and repeated at the University of Notre Dame, 
Notre Dame, Indiana, U.S.A., 9-13 September 1996. Part of the material in 
this chapter is excerpted from a recent review article written by the same 
author for the Applied Mechanics Reviews, vol. 49, no. 7, pp. 365-379, 1996. 
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Abstract. The last thirty years has seen an explosion of information concerning 
the structure of the near-waU region of bounded shear flows. Kline et al. (1967) 
were one of the first to examine its eddy structure and provide a detailed description 
using primarily visuahzation methods. They showed the existence of the ubiquitous 
low-speed streaks and coined the word “burst” to describe the violent lift-up and 
mixing. The intervening thirty years have provided many details about this region 
and its importance to the dynamics of bounded shear flows. It is weU known that 
the eddies in this region control the production of turbulence and the drag due to 
the boundary. The general structure of the eddies and processes in this region is 
covered in the next section followed by a discussion of the similarities between this 
region and transitional flows. The use of suction and actuators for manipulating 
and controlling the eddies foUow. 

1 The Structure of the Bursting Process 

Since the original work by Khne et al. (1967), many authors have added ter- 
minology to the observations in the wall region that has been summarized by 
Robinson (1991). It has become clear that the entire eddy structure within 
the wall region is an ongoing process that is quite d 3 mamic and is statistically 
repeatable. Hereafter, this process will be called the bursting process or burst- 
ing phenomenon and denoted by BP. It consists of many individual eddies 
and events that are summarized in the flow chart presented in Fig. 1. This 
schematic is obviously a simphfication of a complicated process, but provides 
a beginning point for the discussion. The major components of the BP are 
streamwise vortices, the low-speed streaks, the inflectional profiles and the 
resulting instabihties. There is no universal agreement within the community 
as to the details of the elements within Fig. 1 . Many of the differing points 
of view result from the random environment of the bursting phenomenon. 
It occurs near the wall in the presence of turbulence having an rms value 
of 10-12% of the freestream or centerhne velocity. This allows fluctuating 
svsings of more than 50% of the local mean flow which makes the BP difficult 
to study. For example, it is extremely difficult to follow any eddy in the wall 
region long enough to observe its complete life cycle. Indeed, this turbulent 
environment may be more correctly viewed as the result of the BP. When 
the BP is artificially removed, the turbulent intensity decreases significantly. 

Another reason for the lack of agreement of the elements in Fig. 1 is be- 
cause the different eddy structures are observed via many different methods. 



M. Gad-el-Hak et al.: LNPm 53, pp. 155 - 198, 1998 
© Springer-Verlag Berlin Heidelberg 1998 




156 Ron F. Blackwelder 




Fig. 1. The proposed sequence of the bursting process. The arrows indicate the 
sequential events and the ‘?’ indicate relationships with less supporting evidence. 



Most of the knowledge about the BP has been obtained from visualization 
methods, hot-wire/ film anemometry and direct numerical simulations. Lately 
some impressive results have been obtained from particle image velocimetry. 
However within each type of measurement system, there are almost as many 
variations as there are investigators. The result is that often different aspects 
of the eddies are observed in “similar” investigations. For example different 
initial conditions or threshold levels can yield different views and impressions 
of the eddies under study. In addition, the BP has a Reynolds number depen- 
dence that is not well known. To obtain a near-wall region having sufficient 
spatial resolution with any of the methods mentioned above, a low Reynolds 
number is required. Consequently most of the results in the hterature have 
been obtained at a “low” Reynolds number, thus excluding a large range of 
Reynolds number testing. In addition, the Reynolds number can be viewed 
as a ratio between the spatial scales of the large eddies of the flow fleld and 
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the scales describing the near-wall structure. Hence if there is a dynamical 
relationship between these two sets of eddies as suggested later, then the 
structure of the near- wall region is bound to change as the Re 5 m.olds number 
changes. 



1.1 Length and Velocity Scales 

The coordinate system used throughout will foUow the traditional Cartesian 
boundary layer system with the orthogonal directions of x,y and 2 : having 
velocity components of u, v and w. The mean flow will be aligned with the x 
direction and y is perpendicular to the wall. The mean flow fleld is denoted 
by U, V, and W so that a two dimensional canonical boundary layer will have 
W — 0 and U ^V. The three velocity components can also be denoted by 
Ui = Ui + u\ with i = 1, 2 or 3. The three vorticity components are denoted 
by lOa;, Wy and Wz or by wi. 

The length scale of the near-wall region is called the viscous scale and 
is obtained from the magnitude of the mean vorticity in the region and its 
viscous diffusion away from the wall. The mean vorticity in the region is 
characterized by the velocity gradient at the wall; i.e. dU/dy^^. The inverse 

of the vorticity provides the time scale for the region; t,y = [dU/dy\^] ^ . 
The viscous length scale, ijy, is determined by the distance the vorticity is 
diffused from the wall given by 



4 




( 1 ) 



where 1 / is the kinematic viscosity. The velocity scale consistent with the above 
time and length scales is which yields Ut = This characteristic 

velocity is called the ‘friction velocity.’ These scales have been used universally 
in the near-wall region of bounded turbulent shear flows for half a century. 
Ludwig and Tilman (1949) showed that they were independent of the imposed 
pressure gradient. When the physical variables are scaled with the viscous 
scales, the usual ()+ notation will be used; e.g. 

The large eddies in the outer or core region of a bounded turbulent shear 
flow scale with 6 which is either the boundary layer thickness, radius, or half 
channel height depending upon the type of shear flow. The ratio of the scale 
of the outer eddies to the scale of the near-waU eddies is 6/ ii, denoted by 
This is a form of the Reynolds number, Re-r — 6 • u^/v. It is easily shown 



that 




V 



( 2 ) 



where b • = Res is the Reynolds number based upon the large scale 

eddies. Re-r must usually exceed 10^ to maintain a turbulent flow. In practical 
applications, values Re-r of up to 10® and 10® occur. Since Re-r is the ratio of 
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the outer length scale to the viscous scale and Re^- >■ 1, it follows that the 
size of the near-wall region is quite small compared to the larger scales in the 
flow. However the wall region must be sufficiently large to provide adequate 
spatial resolution in any wall investigation. These two opposing requirements 
have been met by using flow flelds at small Reynolds numbers; i.e. in the 
range 10^ < 5”^ < 10^. 

Fig. 2 illustrates the mean velocity profile and the turbulent production 
in a turbulent boundary layer. The plot is semi-logarithmic and has three 
primary regions. They are the near-wall region defined by 0 < < 30, 

the log region bounded by ~ 30 and y/6 ~ 1/4 and the outer region or 
wake region at 1/4 < 2 //^. The log region is often called the overlap region 
between the two other regions. The region near the waU is subdivided between 
the viscous sublayer which is defined as the region where the mean velocity 
gradient, dU/dy, is approximately constant in the region 0 < < 5. The 

buffer region is defined by 5 < ?/+ < 30. It is the location of the maximum 
values of many of the turbulence quantities, such as the turbulent production 
plotted in the figure . It and the turbulent velocity intensities, u' and w', have 
a maximum in the region approximated by 12 < < 15 which makes this 

region the most dynamical location in bounded shear flows. 



0.01 0.1 1.0 Vs 




Fig. 2. The logarithmic mean velocity profile and turbulent production in a tur- 
bulent boundary layer showing the near-waJl region, the log region and the wake 
(i.e. outer) region. 
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1.2 The Principal Eddies in the Bursting Process 

The most common characteristic of the near-wall region is the presence of the 
low-speed regions called how-speed streaks.’ They were first noticed by Hama 
(see Corrsin, 1957) and reported in detail by Kline et al. (1967) and many 
others since. They are most easily visualized by allowing small amounts of dye 
to seep into the wall region via a spanwise slot in the wall. The dye is quickly 
coagulated into streaks as seen in Kline et al. Alternatively, small hydrogen 
bubbles can be introduced into the region which also form elongated regions 
as seen in Fig. 3. The low-speed streaks have a width of about twenty ii, 
and a length of several hundred to a thousand iv Smith and Metzler (1983) 
have shown that they have a hfetime of typically 500i//w^ but hfetimes up to 
2500z//w^ were observed. The average spacing between them is approximately 
lOO^j, with a median spacing of 80^i, as seen in Fig. 4. This figure plots the 
probability distribution of the spanwise spacing, A^, between the streaks using 
data firom Lee et al. (1974) and Oldaker and Tiederman (1977). The spacing 
between the streaks and other variables in the near- wall region are always 
random due to the turbulent environment. The distribution in the figure 
shows that values of A+ can be found between 20 and 200. Kline et al. (1967) 
have indicated that during the relatively dormant state of the streaks, they 
extend about lO^j, outward from the wall. But they often move away from 
the wall to 20 < < 50 in a violent action that results in considerable 

mixing. 

Another common eddy structure in the near-waU region is the streamwise 
vortices that occur typically on the sides of the low-speed streaks. These vor- 
tices are much more difficult to study for several reasons. First there is not 
a commonly accepted definition of a vortex, contrary to the precise math- 
ematical definition of vorticity. Secondly, there is no small vorticity meter 
that is useful in experimental studies of the near-wall region, however the 
DNS studies have been very illuminating in describing the vorticity. Kim and 
Moin (1986) have shown that there are large amounts of fluctuating stream- 
wise vorticity in the near-wall region and have traced out vortex lines. The 
coherent sections of the streamwise vorticity only extended a hundred or 
so in the streamwise direction. They found very httle evidence that the vor- 
ticity looped over the low-speed streaks in the shape of a horseshoe vortex 
as had been speculated in the literature. The streamwise vortices had diame- 
ters of 10-30£j/ and lengths of approximately 100£j/. The remaining elements 
of the BP shown in Fig. 1 can best be described by referring to a model 
of the eddies in the near-wall region. Fig. 5 shows three low-speed streaks 
in an undisturbed state in the x'-z plane. The ^''-coordinate is a convected 
a;-coordinate with a convection speed equal to that of the low-speed streaks 
which is approximately 5-10 «t-. The streamwise meandering and random- 
ness shown in Fig. 3 appears to be important in the dynamics of the streaks 
only after they have lifted away from the wall region. Thus for simplification, 
the streaks are presented in Fig. 5 as being straight with an average spacing 
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Pig. 3. A photograph of the low-speed streaks visualized by hydrogen bubbles. The 
bubbles were placed in the flow at the bottom of the photograph by electrically puls- 
ing a small wire which produced a hne of bubbles that were convected downstream, 
i.e. towards the top of the figure . The bubble wire was located at = 5. 



between them. One can also image relatively short regions of streamwise vor- 
ticity lying besides the low-speed streaks as discussed above. The origin of the 
streaks is still unknown. Several authors have suggested different mechanisms 
for their origin but there is no universally accepted theory for the spacing of 
approximately 100£j,. 

The location of the streaks in the near-wall region implies that they will 
be surrounded by intense regions of strong shear. First, on their sides large 
values of du/dz are present because there is alternating high- and low-speed 
fluid in the spanwise direction as indicated in Fig. 6 and as seen in Fig. 3. 
Also in the normal direction, large values of shear are present associated with 
the U{y) velocity profile. Swearingen and Blackwelder (1988) have shown 
that the magnitudes of du/dz and du/dy are approximately equal in the 
near-wall region. In addition, both have characteristic values of Ut/Ij, in this 
region. Hence the shear regions are indeed intense suggesting that they are 
important in the ensuing dynamics. The strength of the spanwise gradient 
also imp lies that the normal vorticity component, ojy, will be large. Indeed 
Robinson (1991) found that ujy was the only other flow quantity to have a 
streaky structure in the wall region. 
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Fig. 4. The probabihty distribution of the spanwise spacing between the low-speed 
streaks. 




Fig. 5. An ideahzed model of the undisturbed low-speed streaks shown in three 
views in the convected coordinate, x' . 
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Fig. 6. The regions of the intense velocity shear surrounding the streaks in the 
normal and spanwise directions. 



The next important element in the sequence shown in Fig. 1 are the in- 
flectional profiles that develop in the normal and spanwise directions. In the 
spanwise direction, an inflectional velocity profile, U"{z) = 0, develops as 
soon as a low-speed region is formed because as one moves from high to low 
and back to high speed regions in the spanwise region, two inflection points 
are encountered. In the normal direction, an inflectional U{y) profile forms 
only after the low-speed streak has had sufficient time to develop; i.e. in its 
earlier stages the low-speed deficit may not be sufficient to form an inflectional 
profile. The inflection points in any streamwise velocity profile are numerous 
as can be seen in Fig. 7 which shows profiles in the normal and spanwise di- 
rections. The number of inflection points decreases as the distance from the 
boundary increases as seen by comparing Fig. 7b and 7c. Since the low-speed 
streaks are three dimensional, the loci of all of the infiectional points must be 
a two dimensional surface. This inflectional surface wfll be random in space 
and time and need not be continuous. 

The inflectional profiles are important because they are a harbinger of an 
inviscid instability; thus they are one of the more important aspects of the 
turbulent production in the near-wall region. Viscous instabihties grow on a 
time scale given by the viscous diffusion. These time scales are usually slow 
compared to the other time scales in the flow, such as those associated with 
an inflection point. Hence even in transitional bounded shear flows, where 
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Fig. 7. Instantaneous velocity profiles in the normal (a) and spanwise (b and c) 
directions from a direct simulation of a channel flow. The spanwise data were ob- 
tained at y'^ = 15 in (b) and at 66 in (c). The inflection points are denoted by the 
<j symbol. 



the initial instabihty is a Tollmien-Schlichting type viscous instability, the 
final breakdown into turbulence is often due to an inviscid instability. As 
soon as an inflection point occurs in the flow field, a KeMn-Helmholtz type 
instability rapidly develops. 

Consider the inflectional profile, U{^) shown in Fig. 8 where ^ can be 
any direction in the flow. For such a hyperbohc tangent profile, Michalke 
(1965) has shown that the maximum growth rate according to linear theory 
is 0.1917 o/A where A is the half width of the shear layer. This growth rate 
can be shown to be an order of magnitude larger than the growth rates in 
viscous instabihties. Michalke points out that the most amphfied wave has a 
wavelength of approximately 14A and will increase its amplitude by a factor 
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of thirty w hi le it travels only one wave length downstream. Correspondingly, 
the energy of the disturbance wiU increase by almost 10^ during the same 
travel time. Such rapid growth imphes that the disturbance probably will not 
be able to travel more than a couple of wave lengths downstream before it 
has increased in amphtude sufficiently that the linear analysis no long holds. 
For this reason only one or two wavelengths are observed in well controlled 
transitional flow fields such as in a jet fiow. In the random environment of a 
turbulent shear flow, the coherent portion of the growth will be even more 
difficult to observe. 




Fig. 8. Schematic of an inflectional profile associated with an inviscid instabihty. 



The analysis of Michalke (1965) had several restrictions that should be 
mentioned. First his velocity profile was assumed to extend to infinity in the 
directions. Huerre (1983) has added an inviscid wall into the analysis 
and shown that there are no si gnific ant changes to the analysis as long as 
the inflection point is greater that removed fi:om the waU. Secondly, 
Michalke considered only an inflection point in a two dimensional profile. 
However Nishioka et al. (1980) have shown that the results accurately predict 
the wavelength and breakdown of a three dimensional transitional flow in the 
presence of a wall. Lastly, the above analysis is for a steady flow. However 
the time scales of the disturbance are so small compared to the longer time 
scales of the low-speed streaks that this condition is well satisfied. This can be 
seen by examining the time scale of the velocity profile which is [dU/d^^ « 
A/Uo- Swearingen and Blackwelder (1988) examined a boundary layer and 
found experimentally that A was approximately lO^i, and Uo was roughly 
in the near-wall region. Compared with the t ime scale of the low-speed 
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streaks of approximately 500i//u^ as given by Smith and Metzler (1983), 
it is seen that the instabihty occurs very rapidly compared to the changes 
occurring in the streaks. 

In flectional profiles have been observed by many investigators in the near- 
wall region of bounded shear flows. Any visuahzation study that injects a 
passive contaminant along a line such as the bubbles in Fig. 3 or studies by 
Grass (1971) and others quickly sees distortions due to inflectional profiles. 
Blackwelder and Kaplan (1976), Willmarth and Lu (1972), and others have 
observed similar profiles using hot-wire anemometry. Results from the direct 
numerical simulations such as seen in Fig. 7 and elsewhere have also produced 
such profiles. Observations of growing wavehke disturbances associated with 
the inflectional profiles have been more rare. This is possibly due to the rapid 
growth of the disturbance, but it is probably also due to the fact that the 
disturbances are occurring in a highly turbulent environment. Some evidence 
of oscillations can be found in the literature. Khne et al. (1967) observed that 
the low-speed streaks oscillated after they lifted away from the wall. Smith 
(1978) observed wavelike formations as the result of a strong interaction 
between the low-speed fluid in the near-wall region and the higher speed 
fluid moving toward the wall. Blackwelder and Kaplan (1976) and Bacher and 
Smith (1986) obtained conditionally averaged data and found some evidence 
of waves having wavelengths of A+ 150 in agreement with Michalke’s (1965) 
predictions. 

Although the oscillations are not readily observed, the process of the hft- 
up of the low-speed streak has been documented in the visualization studies. 
These studies suggest that the low-speed streak is disturbed by the back- 
ground turbulence which triggers the inviscid instabihty discussed above. 
This instabihty grows rapidly with an osciUation from side to side in response 
to a growing inflectional instability of U {z) or away from the wall with a U {y) 
instability. Since the instabihty may be in any other plane aligned with the x 
axis, the instability need not occxir in only the xz or the xy planes. However 
when visuahzed in the xz plane, a projection of the oscihation will be seen. 
Similarly, when viewed in the xy plane, its projection in that plane wiU be 
seen. Fig. 9 suggests how an osciUation may appear based upon this infor- 
mation. Although a single wave is more commonly seen, two are often seen 
and are shown m the cartoon. In the xy plane, the low-speed steak is seen to 
move away from the waU in a motion caUed lift-up. This is commonly seen in 
the visual studies and is usuaUy defined when a portion of the streak raises 
up above 15. 

As the lift-up continues outward, it comes into contact with higher speed 
fluid which seems to accelerate its motion. This phase of the motion is termed 
an ‘ejection’ and involves a strong outward motion of low-speed fluid. Hence 
there is a strong Reynolds shear stress associated with this motion with the 
uv product often exceeding ten times its mean value. Corino and Brodkey 
(1969) found a second ejection often associated with an earlier one. They also 
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Sinuous motions are often observed when the lift-up moves to y'^ > 10. 



suggested that the ejections were associated with a sweep of large scale high- 
speed fluid that appeared to be associated with the outer motion. Tiederman 
et al. (1985) defined the ejections as a marked fluid element originating from 
y+ <15 which moved outward at least 20€j/ over a distance downstream 
of 350^1/. In another study, Bogard and Tiederman (1986) studied multiple 
hft-ups and ejections and find that when they occur, the multiple ejections 
were separated by = 25. In this near-wall region, the convection velocity 
is roughly 6-lOur yielding a wavelength of approximately 150-250£i,. 



As the ejection motion continues, the coherence appears to decrease. In 
the visualization studies, the tracing contaminant, usually dye or bubbles, 
becomes difiuse in this stage making it difficult to follow^ the motion. It has 
also been problematical to observe coherent motion using probes or direct 
numerical simulations. It appears that the ejected fluid produces its most 
violent miying during this stage thus diluting the contaminant and making 
it impossible to foUow. In any case, the coherency of the motion that is so 
evident in the earlier stages decreases dramatically which leads to a ‘breakup’ 
of the coherent motion. 
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1.3 Inner-Outer Relationship in the Shear Flow 

Several authors have speculated about the nature of the process after the 
breakup. Kovasznay (1970) suggested that several of the mixed regions may 
coagulate and eventually form a large scale structure in the outer region. 
Alternatively, these mixed regions may grow and ultimately reach an distance 
from the wall that is proportional to their energy or to their normal velocity 
component. At that point their outward energy would have been spent and 
they would begin a decay process that continues until they are displaced by 
other ejections moving outward. Most of the ejections would probably end 
their outward motion in the log region and then decay as they are convected 
downstream. But the highly energetic motions would move further outward 
into the wake region and the most energetic ones would find their way to the 
interface of a turbulent boundary layer or would cross the centerline of a pipe 
or channel flow. There presently is no hard evidence confirming a relationship 
between the breakup of the BP and the large scale outer structure and hence 
the ‘?’ on that portion of the flow diagram in Fig. 1. 

On the other hand, there is more evidence to suggest that the outer re- 
gion may influence the events that occur in the near-wall region. Corino and 
Brodkey (1969) were the first to point out the significance of regions of high- 
speed fluid that regularly disturb this region. They termed this high-speed 
fluid ‘sweeps’ and suggested that they were associated with the larger ed- 
dies in the logarithmic and outer regions. They found that after the ejection 
phase of the process, the larger scale high-speed fluid would sweep every- 
thing downstream and leave the region in a more quiescent state until the 
BP began again. Offen and Kline (1974) found that the hft-ups in the near- 
wall region seemed to be correlated with the passage of an eddy structure 
in the outer region having a negative normal velocity component. Chen and 
Blackwelder (1978) used a temperature contaminant introduced at the wall 
to study a turbulent boundary layer. They found that the upstream side of 
the large structures in the wake region had a sharp temperature discontinu- 
ity separating the warmer temperature inside the turbulent region from the 
cooler fluid in the non-turbulent fluid. Because the large outer eddies were 
strongly three-dimensional, the discontinuity did not always extend through 
the logarithmic region. But sometimes it did extend into the near- wall region 
suggesting a possible linkage between the these two diverse regions. 

Falco (1977) has also shown that there is a smaller eddy structure that 
rides on the upstream side of the large outer eddies in turbulent boundary 
layers. These ‘typical eddies’ appear to have length scales of roughly 100- 
200^j, and move toward the wall as the large structures evolve. Although 
Falco could not follow these typical eddies into the near-wall region, he spec- 
ulated that they may interact with the region thus forming a link between the 
wake and the wall region. In a separate study, Falco (1979) found a similarly 
shaped disturbance in the near- wall region. He introduced smoke through a 
slot into the wall region and initially observed only the streaks. By increasing 
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the amount of smoke injected through the wall, he obscured the streaks and 
observed regions that were clear of smoke which he termed ‘pockets.’ The 
clear fluid could have only come from regions further removed from the wall, 
hence the pockets must be associated with some eddies in the log or wake 
region. They also had a spanwise and streamwise scale of 100-200£j, suggest- 
ing that they may be related to the typical eddies, or possibly are the typical 
eddies as they reach the wall. Falco speculated that the pockets are related 
to the streamwise vortices and low-speed streaks in the wall region. However 
there is stiU a need to substantiate this evidence and hence the ‘?’ in these 
two linkages in the flow chart of Fig. 1. 

There are still many unknown aspects of the near-wall region. The efiect 
of the Reynolds number is one of the most vexing. As mentioned earher, most 
of the investigations in the wall region are by necessity done at low Reynolds 
number to improve the spatial resolution in experiments or to conform to 
the computer memory and calculation speed m the numerical simulations. 
Although there is universal usage of the viscous variables to describe the waU 
flow, Sreenivasan (1989) has pointed out that there are some parameters that 
remain a function of the outer variables. One such example is the distance 
from the wad to the peak in the Reynolds stress, For channel flows with 
half height 6, the Reynolds equation is 




Assuming the mean profile is approximately logarithmic m the region of 
the location of the maximum of —uv is given by 



,+ — 




( 4 ) 



where k is von Karman’s constant. Thus the location of the maximum of 
the Re 5 molds shear stress depends directly upon the outer length scale, 6. 
Sreenivasan supports this conclusion with experimental data from boundary 
layers, pipes and channels. Furthermore, the value of Reynolds stress at its 
maximum is 



(^m) _ 2 

^/K6+ 



( 5 ) 



which also depends upon the outer scale. Other turbulence quantities in the 
near- wall region also display an effect of the Reynolds number and more study 
is required of this aspect of the near-wall region. 



2 Analogies with Transitional Flows 

To understand the nature of the near-wall region of bounded shear flows, 
it is instructive to examine similar flow fields. This section compares the 
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similarities and diff erences between the transitional flow and the waU region 
of a fully developed bounded shear flow. Most of the comparisons will be 
with boundary layers since more work has been done on this flow; however 
the results generally hold for pipe and channel flows as well. 

The gross characteristics of the transitional boundary layer and the near- 
wall region of a turbulent boundary are quite evident. They both are bounded 
by a solid surface, which together with the no slip condition, produces a strong 
shear flow, dU/dy. This gradient yields a strong spanwise vorticity held in 
both flows. The Navier-Stokes equations evaluated at the wall are identical 
for both the transitional and the turbulent flow having the same boundary 
conditions. For an isothermal wall with no suction, the equations show that 
when the instantaneous dp/dx ^ 0, the wall is a source of spanwise vorticity. 
S imil arly, when dp/ dz^ 0, the waU is a source of streamwise vorticity. Thus 
when the transitional and the turbulent flows have three-dimensional distur- 
bances, they both produce and uJz vorticity at the wall. In both flows, the 
vorticity in the near-wall region is diffused away from the wall by viscosity. 
The length scale associated with diffusion in both flows is li, and the velocity 
scale is Although these scales were introduced earher for the turbulent 
case, they can be utihzed in the transitional case which provides the basis 
of the similarity. For a Blasius boundary layer, the boundary layer solution 
yields 

^=0.58i?eji/^ (6) 

^ OQ 

Thus the viscous scale, grows as ReU^ and in the Blasius 

layer. For a flat plate boundary layer in a zero pressure gradient, transition 
occurs at approximately Re^ = 10®, which implies that 90. Corre- 

spondingly, on a curved plate where the transition is dominated by a Gortler 
instability, transition occurs at a Gortler number of Go 7 which has a 
corresponding 5'^ of 70. 

There has been evidence of streamwise vortices for many years in several 
t}q)es of transitional boundary layers. These vortices usually have diameters 
of the order of the boundary layer thickness and are related to an instabil- 
ity. The best documented case is the Gortler boundary layer where coimter- 
rotating vortices are a first order result of the initial instability. Klebanoff, 
et al. (1962) also documented the existence of counter-rotating streamwise 
vortices in a transitional Blasius boundary layer in zero pressure gradient. 
These vortices appeared as a secondary instabihty following the growth of the 
Tollmien-Schhchting instability. In addition, co- and counter-rotating stream- 
wise vortices have been predicted and observed in swept wing instabilities. 

In the past, the vortices observed in transitional flows have not been 
compared with the turbulent case because they did not appear to have the 
same length scales as sketched in Fig. 10. The usual argument was that in 
the transitional case, the vortices filled the boundary layer so the ratio of 
spanwise wavelength to boundary layer thickness, \z/S, was approximately 
unity whereas the same ratio in the turbulent case was much smaller than 
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unity. However, if the viscous scales are used for the comparison, the spanwise 
length scales are comparable. That is, it has been well documented in the 
turbulent case that the average spacing between the low-speed streaks is A+ « 
100. In transitional boundary layers, the counter-rotating vortices usually 
fill the boundary layer and have diameter of approximately Since the 
spanwise length scale includes two vortices, A+ in transitional boundary layers 
should be approximately 100-200. 




Fig. 10. Sketch of the counter-rotating streamwise vortices in the transitional (left) 
and the turbulent boundary layer (right). 



Data for several cases of transitional boundary layers are shown in Table I. 
The transitional boundary layer spans a large range of Reynolds numbers and 
A+. The seven values at the end of the table are for flat plate transitional 
boundary layers which often generate streamwise vortices as a result of a 
secondary instability. Many of these uivestigations had spanwise irregularities 
placed on the flat plate to enforce a particular value of A+. This may e:jq)lain 
why these A+ values seem large. The data from this table are plotted in 
Fig. 11. Except for the forced flat plate results, most of the data fall within 
the range of 20 < A+ < 200 which is the same range of the low-speed streak 
data found in Fig. 4. 

In experiments, the vorticity is much more difiicult to measure than the 
velocity. Thus in transitional and turbulent boundary layers, the vorticity is 
often inferred fi:om velocity measurements. On the flat plate, the streamwise 
vortices appear in phase with the Tolhnien-Schhchting waves and are thus 
non-stationary. The T-S waves are roughly 76 long which is several hundred 
iu in this flow. Klebanoff et al. (1962) phase averaged the spanwise velocity 
at several times during the cycle of the T-S wave and found a structure 
consistent with streamwise vortices. They found that during the passage of 
each wave, the spanwise velocity would increase and decrease during each 
wave. Correspondingly, the uj^ vortex would grow, reach a maximmn and 
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Table I 



Reference 


Re^ 


Go 


6+ 














Bippes (1972) 


33,000 


6.3 


37 


39 


Bippes (1972) 


54,000 


6.8 


39 


46 


Aihara (1979) 


72,000 


6.5 


47 


103 


Aihara & Sonoda (1981) 


80,000 


5.9 


40 


70 


Ito (1980) 


100,000 


7.4 


51 


81 


Bippes (1972) 


130,000 


7.2 


49 


82 


Tani &: Sakagami (1962) 


233,000 


4.9 


64 


220 


Wortmann (1969) 


250,000 


4.0 


56 


no 


Swearingen Sz Blackwelder (1988) 


330,000 


7.5 


69 


200 


Tani Sz Aihara (1969) 


420,000 


6.8 


68 


211 


Tani (1962) 


600,000 


4.6 


82 


296 


Anders & Blackwelder (1979) 


210,000 




62 


287 


Hama & Nutant (1963) 


220,000 




54 


280 


Wortmann (1979) 


370,000 




77 


610 


Saric et al. (1981) 


490,000 




70 


335 


Kovasznay et al. (1962) 


660,000 




83 


660 


Saric et al. (1981) 


850,000 




87 


365 


Klebanoff et al. (1962) 


1,200,000 




95 


460 



Table 1. The spanwise wavelength for Gortler and transitional bound- 
ary layers for various Reynolds numbers and Gortler numbers. 



decay to approximately zero. Their data are plotted in Fig. 12a along with 
the reference T-S wave. The data are scaled with the viscous parameters. The 
primary T-S wave was obtained at = 10 and is plotted at the top of the 
figure with the reference time chosen at the midpoint of the acceleration. The 
data were obtained at the spanwise location where the maximum amplitude 
of w occurred. The individual w {y'^) /ur profiles are plotted at several values 
of the time delay. At = —17, they found the initial profile began and it 
increased in strength up to — 5. Thereafter it decayed as shown. The 

beginning of the following cycle can be. see at r+ -|-11. By moving one 
half wavelength in the spanwise direction, similar profile were seen with the 
opposite sign. They noted that the w{y) profile at = — 5 is consistent with 

a streamwise vortex having its center at roughly = 17. 

The similarity between the transitional and the turbulent case is seen by 
observing the comparable profiles in a turbulent channel fiow obtained from 
the data of Blackwelder and Eckebnann (1979) shown in Fig. 12b. Since the 
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Fig. 11. The spanwise length scale in transitional boundary layers versus the 
Reynolds number. The data are from Table I. 



flow was turbulent, the structure appeared randomly in space and time so the 
VITA technique was used to detect the bursting events. Upon detection at 
= 15, the spanwise velocity obtained from hot- film sensors was sampled at 
the indicated distances from the wall at Az'^ = 17 to the side of the detection 
probe. These data were ensemble averaged over about 300 events to obtain 
< w (y+) Jut >. is the time delay with respect to the point of the detec- 
tion. At r+ = —20, the beginning of the spanwise velocity structure is seen 
which builds up to a maximum amphtude at r+ = —5 directly before the 
point of detection. Thereafter a gradual decay in the w velocity component 
occurs until there no structure is observed beyond r+ = 15. These results 
are quite remarkable when it is considered that the associated streamwise 
vortices are of random size and shape. Similar results with the opposite sign 
were obtained at Az'^ = —17 indicating that the flow is statistically s yrmn et- 
rical. That is, similar streamwise vortices of both signs must occur in the flow 
field but at random times. Guezennec et al. (1989) pointed out that in the 
turbulent flow the vortices do not occur in pairs of equal magnitude. Hence 
this aspect differs from the transitional flow in Fig. 12a. But otherwise, the 
sequence of the growth and decay of the spanwise velocity profiles associ- 
ated with the streamwise vortices is similar in the bounded transitional and 
turbulent flows. 
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The spanwise velocity profiles from the fiat plate transitional boundary 
layer(i.e. the profile at r"*" = —5 in Fig. 12a) and the turbulent channel flow 
(i.e. the r+ = —5 profile in Fig. 12b) are compared with one from a transi- 
tional Gortler boundary layer in Fig. 13. The profile firom the Gortler case 
was obtained from Bippes (1972). The Gortler flow is the only one of the three 
flows which is stationary allowing the profile to be obtained by regular time 
averaging techniques. Since the profiles in the transitional case are continu- 
ing to grow in the downstream direction, no standard normalizing velocity 
exists. Thus, to compare the three profiles in Fig. 13, they were normalized 
with their maximum values, Wmax- The distance from the wall is normalized 
with the viscous scale, Ij,, in all three cases. When compared in this manner, 
all three profiles are quite similar. In particular, this result supports the ar- 
gument that the viscous scaling is the proper scale for these flows. A further 
result firom the figure is that the vortices have a diameter of roughly 50^^,. 

Another similarity between the transitional boundary layers and the tur- 
bulent boundary layer is the presence of inflectional profiles of the mean 
velocity. In the transitional case, the profiles are stationary and easier to 
study than in the turbulent case. In addition, the lack of the background 
turbulence often makes it easier to follow the ensuing instabihty in the tran- 
sitional boundary layer. Several authors have examined the inflectional pro- 
files in transitional boundary layers and their profiles are shown in Fig. 14. 
Nishioka et al. (1979) have also measured similar inflectional profiles in a 
transitional PoiseuiUe flow (not shown). The profiles are all plotted with the 
viscous scales. In the transitional cases, the profiles are usually observed over 
a longer period of time possibly because there is less background disturbance 
to seed and thus trigger the ensuing instabihty. In addition, since the values 
of Ut/Uoo are smaller in transitional boundary layers, the profiles are seen to 
extend to larger values of w”'". One interesting aspect of the two transitional 
profiles is that the maximum shear exhibited is approximately the same and 
has a value shghtly greater than Ur/C- Kovasznay et al. (1962) were this first 
to note that this maximum could exceed the mean shear value at the wall. 
In the transitional boundary layer, the location of the maximum value of 
the shear moves away from the wall as the layer develops. The conditionally 
averaged value in the turbulent boundary layer has a much smaller value of 
shear; however that is due to the fact that the location of the maximum is a 
random variable as seen in Fig. 7. Thus the profiles become smeared in the 
averaging process. When individual profiles are examined, as the two shown 
in Fig. 14, it is seen that they also have a maximum shear of approximately 
UT-jly. It is also interesting to note that the thickness of the shear layer is 
approximately the same in all three flow fields; i.e. A+ 10-12. 

As m the turbulent case discussed earher, the inflectional profiles observed 
in transitional flows are usually followed by a growing oscillation and break- 
down. Several authors have used the results from two-dimensional shear lay- 
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Fig. 12. (a) The spanwise velocity component conditionally averaged with respect 
to the ToUmien-Schhchting waves from Klebanoff et al. (1962). The T-S wave is 
shown at the top and the spanwise velocity profiles at several values of the time 
delay, r"*" , are plotted below. 
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Fig. 12. (b) The spanwise velocity component conditionally averaged with respect 
to the VITA detection in a turbulent channel flow. The data are indicated by ’x’ 
at the corresponding y'^ values. Data were taken at Az'^ = 17 from the detection 
probe and at the indicated time delay, The detection was at y“*" = 15 which 
produced the conditional average of the streamwise velocity shown at the top. 
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Fig. 13. Comparison of the spanwise velocity profiles associated with the stream- 
wise vorticity in transitional and turbulent boundary layers. The data are from; a 

Gortler instabihty (Bipps, 1972), ; a transitional boundary layer (Fig. 12a), 

; and a turbulent channel flow (Fig. 12b), 



ers to explain the oscillations in the transitional boundary layer. Greenspan 
and Benny (1963) added an unsteady component to the mean velocity in a 
fiat plate transitional boundary layer and found a secondary instability with 
wavelengths and frequencies similar to those measured by Klebanoff et al. 
(1962). Swearingen and Blackwelder (1987) have used similar arguments for 
the Gortler case. In both cases, the authors have shown that the wavelength 
was about 12-15 times the length scale of the infiectional profile. Fig. 15 
shows that the wavelength observed during breakdown of the infiectional 
fiow instability in the transitional and turbulent fiow fields are similar when 
compared using viscous length scales. The data were obtained from 10 differ- 
ent authors listed in Table II. The streamwise wavelength of the instability, 
is seen to be roughly between 100 and 200£j, for both the transitional 
and turbulent cases. This value agrees with the results of MichaUce (1965) 
quoted earlier. 

Of course, there are some differences between transitional and turbulent 
boundary layers. The most obvious is that the turbulent fiow has two distinct 
regions; namely the near- wall region and the outer region or core region in 
pipe and channel flows. Associated with the outer region is an additional set of 
eddies often termed the large scale outer eddies. They promote mixing in the 
outer region and control the entrainment in turbulent boundary layers. The 
turbulent boundary layers grow as via turbulent dijffusion in the outer 
region whereas transitional boundary layers grow by laminar diffusion as x^-^ . 
The additional set of eddies in the turbulent flow provides an additional 
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Fig. 14. Inflectional velocity profiles from transitional and turbulent boundary lay- 
ers. The maximum shear in all three cases is approximately Urliv The data are 
from: a concave wall (Aihara and Sonoda, 1981), x; a transitional flat plate (Ko- 
vasznay, Komoda and Vasudeva, 1962), o; a conditional average in a tinbulent 
boundary layer (Blackwelder and Kaplan, 1976), □; and two instantaneous turbu- 
lent boundary layer profiles, and . 



length scale; i.e. in addition to the viscous scales that dominate the inner 
region, there is a larger scale that describes the large eddy structures in the 
outer region. The existence of the large eddies in the outer region always 
promotes large disturbances to the near-wall region. For this reason, there 
are always large amphtude disturbances to seed the instabilities in the wall 
region of bounded turbulent flows that do not exist in the transitional cases. 
This may explain the reason that the waves developing on the inflectional 
profiles are much more readily seen in the transitional cases than in the 
turbulent case. 

3 Aspects of Control of Bounded Turbulent Flows 

The large amount of evidence assembled over the past three decades suggests 
there may be some methods of manipulating these bounded shear flows to 
enhance the performance of engineering flow fields. Such efforts generally are 
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Fig. 15. The streamwise wavelength associated with the inflectional profiles and 
corresponding instabilities obtained in transitional and turbulent boundary layers. 



considered to ‘control’ the shear flow in order to obtain a desired goal at 
a lower cost such as enhanced mixing, reduced drag, etc. Liepmann (1979) 
has stated that the most important aspect of the existence of dete rmini stic 
eddies in turbulent flows is the possibflity of turbulence control. For the 
particular case of drag reduction, efforts in the first half of this century were 
primarily aimed at streamlining to reduce drag due to separation and later 
smoothing the surface to reduce the roughness drag. With the development of 
low turbulence wind tunnels and the experimental confirmation of T-S waves 
by Schubauer and Skramstad (1947), new efforts were undertaken to further 
reduce drag by attempting to maintain a laminar boundary layer at increased 
Reynolds numbers. The discovery by Toms (1949) at mid century that a small 
amount of long chain polymer added to a hquid flow could reduce the base 
drag of a turbulent flow up to 80% set the stage for further advances in drag 
reduction. Although the details of how the polymers actually reduce the drag 
are still not understood, it is reahzed that they alter the eddy structures in the 
near- wall region which thereby reduces the drag. This concept has opened the 
doors for other ideas of drag reduction that have been pursued intermittently 
with vigor during the last twenty years. These efforts have included Large 
Eddy Break-Up Devices, riblets, polymers, etc. 
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Table II 



Reference 


R&X 


Type 


6+ 














Aihara and Sonoda (1981) 


80,000 


G 


40 


70 


Bippes (1972) 


90,000 


G 


48 


120 


Ito (1980) 


100,000 


G 


51 


86 


Bippes (1972) 


132,000 


G 


55 


150 


Hama and Nutant (1963) 


220,000 


B 


54 


no 


Swearingen and Blackwelder (1987) 


330,000 


G 


69 


250 


Kline et al. (1967) 


500,000 


T 


210-480 


240 


Klebanoff et al. (1962) 


580,000 


B 


83 


150 


Kovasznayet al. (1962) 


660,000 


B 


83 


152 


Emmerling (1973) 


800,000 


T 


820 


200 


Klebanoff et al. (1962) 


950,000 


B 


90 


163 


Klebanoff et al. (1962) 


1,130,000 


B 


98 


178 


Blackwelder and Kaplan (1976) 


1,800,000 


T 


930 


200 



Table 2. Data at various Reynolds numbers for the breakdown wavelength, Aj, 
for various 5'*'. The boundary layer types are: G-G6rtler, B-transitional Blasius and 
T-turbulent. 



There are many other reasons why one would like to be able to control 
the turbulence in bounded shear flows. The augmentation of heat transfer 
has been pursued for years in heat exchangers, etc. Similar enhancement has 
been investigated for mass transfer. Other control applications include the 
reduction of noise from a flow, separation control, reduced pressure fluctua- 
tions, etc. Many techniques are available, but most of them also increase the 
power required through increased pressure loss, etc. These complicated prob- 
lems not only require control of the turbulent eddies, but may also involve 
altered boundary conditions, initial conditions, etc. Since drag reduction has 
been the focus of much effort in the past and displays considerable promise 
in engineering applications, the following will focus on this aspect of con- 
trol in bounded shear flows. Other aspects of control in bounded shear flows 
follow similar reasoning as presented below. Control of free-shear layers are 
discussed in the other chapters in this book. 

The use of a model for the near-waU region would be of great help "in 
the study of control of the eddies in this region. However the complexity 
of the dynamics of the region essentially preclude such models, although 
Lumley (1996) reports some progress using a truncated model. Not only 
is the turbulence four-dimensional (three spatial coordinates plus time) but 
it is random as well. Although some Reynolds averaged equations can well 
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predict the mean flow around a streamlined body, their turbulence models 
are usually not sufficiently detailed to describe the effects of perturbations on 
the eddy structure within the near-wall region. Consequently these models 
do not perform well when applied to the prediction of incipient separation, 
the addition of polymers, selective suction, etc. 

It should be emphasized that control of the turbulent shear flows differs 
from attempting to maintain a laminar flow over as much of the flow field 
as possible. These two goals are quite different in nature and application of 
the same technique in l amin ar and tmrbulent flows may have grossly different 
effects on the flow. For example, suction under a laminar boundary layer can 
alter the base flow and change the stabihty characteristics of the boundary 
layer. This wfll delay the transition to turbulence and thus lower the overall 
drag on a body. However suction apphed globally under a turbulent boundary 
layer will increase the drag unless massive suction is used to remove the entire 
boundary layer. This is demonstrated by examination of the von Karman 
relation 

'^wall 

2 dx Uoo 

which is vahd in both laminar and turbulent boundary layers with zero pres- 
sure gradient. For small values of suction, dO/dx changes only shghtly. Thus a 
uniform suction(v^aii < 0 everywhere) will increase the sMn friction, c/. How- 
ever in the laminar case, small amounts of suction (i.e. —v^aiilUoa ~ 10“®) 
alters the streamwise velocity profile in such a manner that the location of the 
critical instabflity is moved far downstream and a reduction in the growth of 
the incipient ToUmien-Schhchting waves occurs. Consequently the flow tran- 
sitions to turbulence at a much greater distance downstream. In this case, 
the larger values of Cf due to the turbulence are delayed and the integrated 
drag on the body is decreased. The primary effect of the suction in this case 
is to delay the onset of the T-S waves and decrease their growth. 

However T-S waves have no dynamical significance in turbulent bound- 
ary layers and suction has a completely different effect; namely it increases 
the velocity gradient at the wall and thus increases the skin friction. Conse- 
quently techniques that delay transition will not necessarily be successful in 
fully developed turbulent flows. For this reason, drag reduction methods in 
turbulent shear flows often concentrate upon controlling the eddy structures 
within such flows. 

The control of transition in boimded shear flows can and does lend a lot 
of information and ideas that are useful in turbulent shear flows. Since the 
base flow in transition is a laminar flow, it usually has a more concise and 
tractable mathematical description than its turbulent counter part. Many 
control scenarios are often attempted in a transitional setting first and then 
adapted to the more difficult turbulent case. One instance is the control of 
Tollmien-Schhchting waves in a transitional boundary layer. Liepmann et al. 
(1982) used surface-fihn heaters with a fast time response to introduce two- 
dimensional T-S waves into an unstable laminar boundary layer in a water 
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channel. As the waves grew downstream, a second set of heaters were used to 
increase and decrease the amplitude of the traveling waves by changing the 
phase of the second heater. This clearly showed that cancellation of T-S waves 
could be achieved under controlled conditions. Liepmann and Nosenchuck 
(1982) added a wall shear stress sensor to detect the passage of naturally 
occurring T-S waves. By using a feedback loop to drive the downstream 
heater, they were able to decrease the amplitude of the natural waves and 
increase the transition Re 3 molds number. These two-dimensional results in 
a controlled environment suggest that more complicated three-dimensional 
disturbances can possibly also be controlled as discussed by Fan et al. (1993) 
in a transitional boundary layer. Similar attempts have now progressed to 
Mly developed turbulent flows as discussed below. 



3.1 Global versus Selective Control 

In the past, boundary layer control has been studied by applying some ex- 
ternal condition globally; i.e. the condition is apphed everywhere within the 
flow field without regard to how it effects the individual eddies in the flow. 
For example, to decrease the shedding behind a circular cyhnder, suction can 
be selectively applied in the vicinity of the separation region on the cylin- 
der. Applying suction globally around the entire cyhnder may achieve the 
same result, but with a much greater expenditure of energy. The control of 
turbulent boundary layers may display similar results. Instead of applying a 
control mechanism globally, it could be apphed only selectively; i.e. locally 
with respect to the eddy structiue that one is attempting to control. For 
example, to alter the low-speed streaks, the external condition may need be 
applied only under or around the streaks. This implies that the controlhng 
mechanism must have dimensions comparable to those of the streaks or other 
structures that they are attempting to control. 

A second important criteria for control is the phase of the controlhng 
parameter with respect to the eddy structure. Phase is used here in its 
traditional sense in the temporal domain. (The spatial phase variabihty is 
taken care of by the selectivity parameter discussed above.) Just as suction 
would not necessarily need be applied everywhere around the cylinder ex- 
ample above, it also need not be apphed continuously in time either. Short 
bursts of suction having a duty factor of 0.2 or less may be sufiicient to con- 
trol the shedding of vortices. Of course the suction would need to be apphed 
at the appropriate phase of the shedding process to have the desired effect. 
If the phasing is incorrect, the vortex shedding process could be enhanced 
instead of suppressed. This aspect is extremely important in the control of 
turbulent production within the txubulent boundary layer because it is well 
kn own that the production is a very intermittent and random process. The 
frequency of occurrence of the bursting phenomenon yields a good estimate 
of the intermittency and duty factor of the control mechanism. 
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As additional information about the dynamics of the eddy structures has 
become available, ideas for utihzing that information has been developed. 
The concept of ‘selective control’ was proposed by Gad-el-Hak and Black- 
welder (1987; 1989) to apply a control mechanism such as suction/blowing, 
heating/ cooling, etc. on only selected aspects of the eddies. They proposed 
to interact with a particular feature of the eddies, such as an instabUity, to 
reduce or elimin ate the turbulent mixin g that would occur if no control ac- 
tion were taken. This effort obviously requires a deeper understanding of the 
dynamics of the eddy structure than a global control system would require. 
It also requires that the eddies location in space and time be known a pri- 
ori so that the control can be apphed. As mentioned above, the spatial and 
temporal scales of the controlling mechanism must be similar to the scale of 
the eddies; i.e. in the near-wall region, it must be on a viscous scale. These 
requirements suggests that selective control will involve some ‘intelligence’ 
about the flow that is not needed in global control systems. Blackwelder 
(1989) proposed the concept of a “smart wall” with embedded sensors, ac- 
tuators and feedback as a means of controlling the eddy structures in the 
near-wall region. To date, few investigations have used temporal phasing and 
spatial selectivity to control the eddies in a turbulent boundary layer primar- 
ily because of the limi ted knowledge of the eddy structure and because of the 
practical problems that need to be surmounted. It is interesting to speculate 
that nature has accomplished some means of controlling and possibly reduc- 
ing the drag in hmited cases. Bechert et al. (1985) have proposed that the 
scales of fast sharks may offer a “streak cancellation mechanism” that inhibits 
the momentum exchange and thus decrease the turbulent shear stress. Close 
examination of ffsh scales reveal that their motion may be instrumental in 
the prevention of local separation and control of the boundary layer eddies. 
Birds may use feathers in an analogous manner to alter the eddies in their 
unsteady motion in flight. 

3.2 Selective Suction 

The application of selective control described by Gad-el-Hak and Blackwelder 
(1987 ; 1989) involve the use of suction at specified spanwise locations as illus- 
trated in Fig. 16. If the location of the low-speed streaks could be determined 
a priori, they reasoned that one means of reducing the intensity and the mag- 
nitude of the shear at the spanwise inflection point would be to apply a small 
amount of suction under the streals. This action would reduce the quan- 
tity of low-speed fluid in the streaks, thereby reducing the velocity difference 
between the low-speed streak and the nearby high-speed region, Au{z). If 
the ejection of the streak from the wall region and the subsequent mixing 
were due to the inflectional instabihty described earher, then these phases 
of the BP should also be reduced or delayed. To avoid accumulation of the 
low-speed fluid, they proposed that it be re-injected into the flow under the 
high-speed regions. This would possibly further reduce the velocity difference, 
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Au{z)^ and also reduce the velocity gradient at the wall. Thus the suction 
would reduce the mixing and the blowing would help reduce the local skin 
friction so that both actions would reduce the drag. In addition, since the 
suction/blowing is only apphed selectively, the amount of pumping power 
should be greatly reduced from that which would be required for a global 
application. Preliminary testing by Gad-el-Hak and Blackwelder (1987) were 
conducted by artificially generating streaks and the results were promising. 




suction injection suction 



Fig. 16. Selective suction as proposed by Gad-el-Hak and Blackwelder (1987). The 
suction/blowing is actively programmed to be applied selectively in space and time 
to interact with specific eddy structures. 



Myose and Blackwelder (1994) tested this concept in a model flow field 
consisting of a laminar boundary layer embedded with Gortler streamwise 
vortices. This flow modeled the flow in the near- wall region and was used 
as a test bed for control scenarios. They applied the suction selectively un- 
der the low-speed regions between the vortices as sketched in Fig. 16 and 
studied the resulting flow downstream. As the amount of suction increased 
from zero, the breakdown of the low-speed region moved downstream until 
an optimum amount of suction was applied. Increasing the amount of suction 
further, caused the breakdown to move back upstream. Smoke wire visual- 
ization showed that the breakdown of the low-speed regions could be delayed 
up to 20^* downstream. Velocity proflles taken by hot-wire anemometers in- 
dicated that as the suction increased, the inflectional profile in the normal 
direction, U{y), disappeared. In the spanwise direction, the suction has less 
effect on the inflectional profile and large amounts of suction added an addi- 
tional inflection point into the U{z) profile. The optimum amount of suction 
was more than one order of magnitude smaller than the asymptotic value of 
suction required to maintain a stable laminar boimdary layer. They suggested 
that the ultimate breakdown further downstream was due to the inflectional 
spanwise profile. Thus although the suction was able to eliminate the nor- 
mal infl ectional profile and the associated instabihty, the spanwise profile 
remained and became unstable, albeit further downstream. 

Selective suction has been demonstrated in direct numerical simulations 
by Choi et al. (1994). They used a two-dimensional channel simulation with 
Rcq = 150 and apphed suction and blowing at the wall in a non-uniform 
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manner. Their wall condition was that the normal velocity at the wall was 
given by v^aii — —v{yd) where yd was the location of a detection plane. 
This action would tend to counter the ejections and the higher speed sweeps. 
Since the amount of suction and blowing were equal, there was no net mass 
flow. They found a maximum of 25% drag reduction when yj" = 15. At 
this value the thickness of the sublayer increased and the fluctuations of the 
velocity, pressure and vorticity decreased everywhere. They also observed 
that the spacing of the low-speed streaks increased suggesting that the scales 
increased along with the drag reduction. As y'^ increased above 20, they also 
observed that the drag began to increase rapidly. 

A more interesting aspect of the investigation by Choi et al. (1994) was the 
use of a selective spanwise velocity perturbation at the waU in the same flow 
fleld. They reasoned that a spanwise disturbance at the waU would hinder the 
action of streamwise vortices in the waU region. Hence they numerically im- 
posed the boundary condition w^aii — —w{yd) everywhere on the waU where 
yd is the detection distance above the waU. With T/j" = 10, a drag reduc- 
tion of 30% was obtained; i.e. the drag reduction was larger than when the 
normal velocity was used as a perturbation. This result is shown in Fig. 17 
which Ulustrates the pressure gradient in the channel after the control dis- 
turbance at the waU was turned on. It is apparent that there is reduced drag 
for 2 /j" < 25 and the optimum is near yj" = 10. The velocity, pressure and 
vorticity fluctuations decreased everywhere and the spacing of the low-speed 
streaks increased. When the authors apphed a combination of the normal and 
a spanwise control, relaminarization occurred which may have been a result 
of the low Reynolds number of the simulation. Irrespective, the larger reduc- 
tion for the spanwise velocity disturbance strongly suggests that the phase of 
the control disturbance is quite important and may be more important than 
the amplitude of the disturbance. 



3.3 Spanwise WaU Disturbances 

It has been noted for years that some turbulent boundary layers with a three 
dimensional mean flow appear to have a reduced level of Reynolds stress and 
turbulent production. This has been observed in pressure driven flows such as 
on swept wings by Bradshaw and Terrell (1969) and in shear driven flows such 
as on rotating cylinders ahgned in the streamwise direction by Bissonnette 
and Mellor (1974). This has instigated several studies that have imposed 
controlled three dimensional disturbances into a nominally two dimensional 
mean flow with the idea of suppressing the turbulence and drag. 

To add three dimensionality to the mean flow, Moin et al. (1990) per- 
formed a direct numerical simulation of this phenomenon by utilizing a sud- 
denly imposed spanwise pressure gradient on a 2D fully developed turbulent 
channel flow with a Re 5 molds number of = 180. As in the other investi- 
gations, there was a decrease in the Reynolds shear stress and the turbulent 
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Fig. 17 . Time history of the pressure gradient required to maintain constant mass 
flow while utihzing selective boundary conditions on the spanwise velocity (from 

Choi et al. (1994)) — , munanipulated channel; , manipulated channel with 

sensors at « 5; , » 10; 20; t/J « 26. 



kinetic energy. Sendstad and Moin (1991) reported that the probability den- 
sity functions showed that lower u' fluctuation levels occurred primarily due 
to a reduction of the intensely negative u' values. Moin et al. (1990) noted 
that in theirs and other similar investigations, there is an observed difference 
between the alignment of the Reynolds shear stress vector and the mean ve- 
locity gradient vector. Moin et al. also computed the terms in the Reynolds 
stress transport equations and determined that the turbulent production was 
decreased and the turbulent dissipation increased, however no drag measure- 
ments were reported. 

Instead of the steady ffow of Moin et al., Jung et al. (1992) imposed an 
oscillating spanwise cross ffow in a numerically simulated channel flow. Their 
Reynolds number was = 200 and the imposed flow had an amphtude of 
O.SUavg.- The period of oscillation, / == u;/27r, was in the range of 
0.002 < /+ < 0.04. They found they could reduce the drag up to 40% 
when the oscillation frequency was /+ = 0.01. Low-frequency oscillations, 
/■*■ < 0.005, tended to increase the drag. The large amplitude oscillations 
appeared to destroy the vorticity structure and the low-speed streaks. In 
addition, it decreased all three fluctuating velocity components. For the case 
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of /+ = 0.01, they used the mean two dimensional channel flow and oscillated 
one of the walls with an amphtude of O.SUavg- This disturbance produced a 
40% drag reduction similar to the pressure driven flow. 

In an experimental veriflcation of this phenomenon, Laadhari et al. (1994) 
oscillated a section of a wall under a fiiUy developed turbulent boundary layer 
with Reg = 950. They oscillated the plate with an amphtude of Az~^ = 160 
and frequencies of 0.0033 </“*■< 0.017 which allowed velocity oscillations 
with amphtudes of 3.3 < < 16. Although the drag could not be 

measured, they found that the mean streamwise velocity was reduced for 

< 30 along with a reduction of d\J jdy in the region < 8. The turbulent 
fluctuations were reduced throughout the near-waU region with the largest 
reduction occurring in u' and wU. 

More recently, Trujillo, et al. (1997) investigated a spanwise oscfllating 
wall under a boundary layer in a water channel with Reg = 1500. They 
tested three amphtudes of Az'^ = 120,240 and 360 over frequencies of 
0.003 < < 0.018. The drag was inferred from the measured turbulence 

shear stress profile and from measurements of the local wah mean shear. The 
amount of drag reduction increased as the frequency and the amphtude in- 
creased. The authors were able to measure a maximum drag reduction of 25% 
over their parameter range and speculated that larger values may be found. 
Their probabihty density function of the streamwise velocity showed that 
the decreased mean velocity near the wall was due to a decrease in the high- 
velocity fluctuations in the near-wall region. This observation differs with 
Sendstad and Moin (1991) possibly because Trujfllo et al. worked with an 
oscillating wall instead of a pressure driven disturbance. The decreased prob- 
abihty of finding high-speed fluid near the wah. suggests that the spanwise 
oscihations prohibited the influx of the higher speed fluid toward the wah and 
provided longer periods of time when the streamwise velocity remained at a 
lower velocity. They further found that the spanwise oschlations inhibited 
the strong ejections and sweeps so that the intermittently large values of uF 
did not occur as often. The lower amphtude sweeps and ejections were not 
significantly altered. 

Note that none of the spanwise disturbances utilized selective control 
since the disturbances were implemented over the entire flow field. In ad- 
dition, there was no concern for the amount of energy added with the dis- 
turbance which is important in engineering apphcations. However these and 
other studies have shown that the structures in the near-wall region can be 
significantly altered by three-dimensional changes in the mean flow and that 
lower drag states can be obtained. The imposition of a spanwise velocity, 
w{y), evidently alters the equihbrium between the low-speed streaks and the 
nominally two-dimensional flow in a manner that is still unknown. These 
studies also point out that there are differences between the pressure driven 
and the shear driven methods of imposing the three dimensionality. Conse- 
quently, thpre may be differences in the manner that the pressure and shear 
driven flows alter the eddy structure in the near-wall region. 
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3.4 Actuators in the Wall Region 

Several attempts have been made to use active actuators to control the tur- 
bulence in the near-wall region. Most of these techniques have employed a 
flush mounted actuator or other actuators near the wall to alter the flow pa- 
rameters and/or the boundary conditions. Many different approaches to the 
problem have been attempted. Some investigations have developed a known 
eddy structure upstream and then attempted to manipulate it as it develops 
downstream. This simphfication reduces the temporal and spatial random- 
ness of the eddies and makes the control easier. On the other hand, direct 
numerical simulations compute a complete solution of the flow fleld and can 
simulate possible interactions with the flow at every point in the flow. 

Most studies with actuators have attempted to interact and alter partic- 
ular aspects of the eddy structure in the wall region. Consequently one of the 
more important questions that need to be addressed in any control scenario 
is “Which eddy structures or elements thereof does one want to control?” 
The earlier discussion on the eddies in the near-waU region has shown that 
several structures may be amenable to control. For example, one might focus 
on the low-speed streaks since they are the most ubiquitous structures in 
the wall region. But if the goal is to reduce the drag, the streaks may not 
be a good candidate because their low speed indicates that they will have 
a smaller gradient at the wall and hence less skin friction than the nearby 
higher speed regions. On the other hand, if the goal is to increase mixing, the 
breakup of the low-speed regions may be desirable. Similar arguments can be 
made about injecting vorticity or altering the vortex structures and/or inter- 
actions with other regions. Alternatively, one would like to be able to identify 
a rapidly developing instability mechanism and then increase or decrease its 
natural growth since a smaller expenditure of external energy would pre- 
sumably be required. The inflectional instabilities discussed earlier are hkely 
candidates for this method and changes in their growth rates will decease 
their breakdown and mixing. 

Another decision that must be made is to determine the desired response 
of the actuator. This will depend upon whether the operator desires to control 
the turbulent eddies or to control the flow; i.e. a microscopic or macroscopic 
control. The t5q>e of actuator needs to be considered and whether it is to be 
passive or active. Cost will play a major role in any of these decisions. Passive 
actuators may have a non-zero initial cost but very little operating costs. On 
the other hand, active actuators may be expensive to install and operate 
but may be more effective. If active actuators are to be used, sensors must 
also be employed to detect the state of the fluid or eddies. This necessitates 
the addition of algorithms to process the data and determine the actuator 
response to the flow conditions. The algorithms may involve a feed back 
system, a feed forward algorithm, an artificial neural network, etc. Since the 
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use of actuators to control turbulent flows is still in its infancy, the work to 
date has generally chosen a subset of the problem and explored a limi ted 
domain of response. Some of these investigations are mentioned below. 

One of the first to use an active actuator to control eddies in the near- 
wall region was Jacobson and Reynolds (1995). They utilized a small cavity 
below the wall with a flush mounted cantilevered actuator mounted over the 
cavity as shown on Fig. 18. The actuator was driven by an amphtude mod- 
ulated signal supphed to a piezo-ceramic unimorph mounted on the under 
side of the actuator. This provided a means to control the amplitude of the 
actuator with a fast time response using low power. Since the cavity was 
closed, there was no net mass addition. The cantilevered actuator was de- 
signed to be asymmetric with respect to the cavity which produced a difiuse 
influx of fluid into the cavity and a more concentrated and directed efflux. 
This resulted in a pair of ojx counter-rotating vortices over the narrow side 
gap of the cantilever. The test flow field was a laminar boundary layer with 
superimposed streamwise vortices generated upon demand by small suction 
holes upstream. The vortices were sensed by shear stress sensors located up- 
stream of the actuator. Various algorithms using the mean and fluctuating 
shear stress controlled the action of the actuators. Using neural networks, 
they were able to obtain a reduction of 8% in the average wall shear stress 
downstream of the actuators and a 30% reduction in the fluctuating shear 
stress. 




Fig. 18. Sketch of the flush mounted actuator used by Jacobson and Reynolds 
(1995). Note the asymmetry in the plan view that led to different flow patterns 
during influx and efflux. 
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Lorkowski et al. (1997) performed a similar experiment by using an elon- 
gated slit with dimensions by 150^^/ aligned in the streamwise direction. 
They forced it with a relatively high frequency (/+ = 0.1) oscillations forc- 
ing the air out of a cavity below the sht in the form of a two dimensional 
jet. They speculated that this created a pair of counter-rotating streamwise 
vortices and measured the resulting changes in the flow structure. The peak 
in the u'[y) distribution moved away from the wall indicating that ii, was 
shghtly increased. However the authors did not effectively reduce the tur- 
bulence intensities and suggested that their geometry may not be opt imum 
Using more optimum conditions, Rathnasinghani and Breuer (1997) found a 
31% reduction in the streamwise velocity fluctuations and a 17% reduction 
in the pressure fluctuations. 

Carlson and Lumley (1996) used a numerical laminar channel flow as a test 
bed to study the flow’s response to a bump type actuator that was nominally 
stowed flush with the wall. The bump was a three-dimensional Gaussian 
hump that could be deployed upon demand to a height of approximately 
lO^j^. They varied the symmetry of the bump in the plane parallel to the 
wall with the typical length scales in the plane being Iblu- When the bump 
was raised, up to three pairs of counter-rotatuig vortices appeared above 
the hump at different times. The Re 5 molds number and shape of the bump 
determined the pattern and strengths of the vortical structures. The speed 
of deployment (i.e. the acceleration of the hump’s vertical motion) affected 
the intensification of the vortices and was a significant parameter in the flow 
patterns that formed. 

In another direct numerical simulation, Mito and Kasagi (1997) allowed 
one waU of their two dimensional channel flow to oscillate with the wall 
displacement given by 

= a • sin • sin {2Trft) (8) 

Thus the wall moved only in the normal direction and the disturbance was 
uniform in the streamwise direction. Two amplitudes of a+ = 2.5 and 5.0 
and two spanwise wavelengths of S+ = 45 and 90 were computed for two 
frequencies of /+ = 0.01 and 0.02. These disturbances did not produce any 
significant drag reduction. In fact, the larger amphtude perturbations slightly 
increased the skin coefficient. 

Small flush mounted delta wings have been used as actuators by Black- 
welder et al. (1998) to delay the breakdown of the low-speed regions between 
streamwise vortices in a boundary layer undergoing Gortler transition. This 
test flow developed large streamwise vortices in a steady state environment. 
The delta wing actuator was attached to a rectangular base and the base 
had a piezo-ceramic unimorph or bimorph on its surfaces. By applying a si- 
nusoidal signal to the piezo-ceramic material, the delta wing would oscillate 
with amplitudes up to The best results were obtained with the delta 
wing pointed downstream as shown in Fig. 19. Visuahzation of the actuator 
in a water channel showed that the oscillations of the delta wing produced 
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a streaming flow from under the wing that coagulated into two low-speed 
streaks downstream. The amount of displaced fluid depended upon the os- 
cillation frequency which was typically 0.01 < /+ < 0.15. The actuator 
was positioned so that it produced the low-speed regions in the location of 
the naturally occurring high-speed region between the Gortler vortices. The 
net result was a more uniform velocity fleld downstream shown by the iso- 
velocity contours in Fig. 20. The mean and fluctuating wall shear stresses 
were reduced. In addition, the spanwise shear, dUfdz^ was weaker down- 
stream which delayed the breakdown of the low-speed streaks by 20^*. At 
that point the breakdown appeared to be due more to the inflectional proflle 
in the normal direction rather than the spanwise inflectional proflle. 
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Fig. 19. Sketch of the delta wing actuator used by Blackwelder et al. (1987). Its 
orientation pumped low-speed fluid into the existing high-speed region. 



As the Re 5 molds number increases in these flow fields, the viscous scales 
become smaller compared to the outer flow necessitating smaller actuators. 
This has helped spawn the field of microelectromechanical systems (MEMS) 
which has successfully produced small sensors and actuators. Tung et al. 
(1995) have measured the velocity field behind a scaled up version of such 
an actuator s imil ar to the delta wing actuators discussed above. Ho and Tai 
(1996) have reviewed the recent developments iu the use of MEMS technol- 
ogy for flow control and discuss fiiture trends in utflizing these devices for 
drag reduction. Small sensors that can be flush moimted or embedded in 
the wall have been manufactured using MEMS technology. They have been 
successfully used to measure the shear stress on the wall at large Reynolds 
numbers by Efltes et al. (1997). 
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Fig. 20. Iso- velocity contours of the streamwise velocity downstream of the actua- 
tor. The base flow with no oscillation is showm in a (below) and the results with the 
actuator operating are found in (b) above. The actuator was located at 40cm from 
the leading edge of the curved plate and the data shown were taken at a: = 1.1 and 
1.3m downstream from the leading edge. 




3.5 Control Algorithms 

With the advent of MEMS technology, the possibility of combining computers 
and actuators for the control of turbulence is being considered. At present the 
marriage of sensors, actuators and computers to build a “smart wall” is stiU in 
its infancy, but the concept has progressed to the state that some applications 
may be on the horizon. The nonhnearity and multi-dimensionahty of the 
problem will require considerable effort before solutions become practical. 




192 RonF. Blackwelder 



Although it is relatively easy to consider how sensors can be employed to 
locate the eddies, it is more problematical to deter min e which actuators and 
hardware will be necessary to modify the eddies and the flow field. As difficult 
as these choices may be, an equally important problem is to determine and 
develop necessary software and algorithms for decision making and control. 
This may prove to be a more difficult hurdle than the hardware. These issues 
have been discussed in the hterature and at symposiums, but no consensus 
has been reached upon the types of solutions required. 

Artificial neural networks have proven useful in designing control softrware 
for the actuators. This technique is quite general and can be designed for 
hnear or nonlinear systems with any number of inputs and outputs. The 
inputs are sensor signals obtained upstream. The signals are processed m a 
multi-layered feed-forward mode producing one or more output signals which 
are used to drive the actuators. Each node in the network has a weight that 
must be determined via an auxfiiary technique. The weights may be specified 
by the operator using prior results and research. Alternatively, the system of 
weights can be ‘learned’ by a traimng algorithm so that they are assigned 
values to produce a desired result, such as a minimum drag as used by Lee 
et al. (1997). They used information obtained at the wall and were able to 
reduce the skin firiction by 20% in a numerically simulated channel flow. With 
an additional system of sensors downstream of the actuators, the system of 
weights can be altered in real time to optimize the desired result. For example 
if the flow conditions changed in real time so that the drag was no longer 
minimiz ed, the additional sensors could be used to train the weights for the 
new conditions. Kim (1997) and his co-workers have used neural networks in 
channel flows to control suction and blowing at the wall. They have suggested 
that the actuators are actually controlling the streamwise vortices in the near- 
wall region and that the neural networks must contain some nonlinearity. 

Another method of deriving a control algorithm for the wall region as- 
sumes that the turbulence can be described using nonlinear dynamical sys- 
tems theory. By using the proper orthogonal decomposition theory of Lum- 
ley (1967), the eigenfunctions corresponding to the most energetic eddies can 
be extracted from the correlations of the velocity components as shown by 
Aubrey et al. (1988) and others. A set of model equations is used to represent 
the dynamics of these eddies in the near- wad region. Aubrey et al. found that 
the system displays an intermittent character similar to the ejection events 
in the wall region and the average frequency of the events was linked by the 
pressure to the outer part of the turbulent boundary layer. Coller and Hohnes 
(1997) have used similar equations and added a control signal to delay the 
ejection character. They were able to increase the average time between the 
ejections up 70% suggesting that less turbulent mixing would be achieved in 
such a system. Lumley (1996) discusses this method in more detail. 

Another encompassing method for designing control software is to ex- 
amine optimum control methods as discussed by Temam et al. (1997) and 
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others. They define a cost function which includes the cost of implementing 
the control variable, such as suction, plus the fiuid flow quantity that is to be 
minimized, such as the average value of dU /dy\^to reduce the drag. Abergel 
and Temam (1990) have shown that solutions can be found to this optimiza- 
tion problem which involves solving an adjoint equation for the velocity field 
and the control function. Bewley (1997) has implemented this method for 
a munerical channel fiow with Rcr = 100, and found that the drag could 
be reduced to 42% of its original value, which is approximately the laminar 
value at this Reynolds number. Numerical constraints limited his results to 
computational times of only a couple thousand viscous time scales and the 
low Reynolds number. Both of these constraints should be relaxed as more 
efiicient algorithms are developed. One means of extending the results is to 
attempt a sub-optimal control which places some hmits on the extent of the 
variables in the problem, such as examining only the state of the fiow on or 
near the wall. 

4 Conclusions 

A review of the near-wall eddy structure in bounded shear flows has shown 
that there are many important components in the bursting phenomenon in- 
cluding the streamwise vortices, low-speed streaks, inflectional velocity pro- 
files, etc. The low-speed streaks are surrounded by two dimensional surfaces 
that are the loci of inflectional profiles. The streaks and inflectional surfaces 
have a long time scale compared to the instabilities that develop on the in- 
flection profiles. Consequently the inflectional instabifity grows rapidly and 
break down into chaotic motion involving a lot of turbulent mixing. The ex- 
tremely random nature of this phenomenon has made it difficult to study. 
However transitional bounded shear flows have a similar set of eddies and 
dynamics but with less randomness. A review of the transition process high- 
hghted the similarities and differences between these two classes of flow fields. 
The inflectional velocity profiles appear to be a key element in the breakdown 
into turbulence in both the transitional flow and the bursting process. Lastly 
several investigators have attempted to control these eddies with promising 
results. Values of drag reduction exceeding 50% have been reported with 
several researchers finding 20-30% using suboptimal methods. However the 
full control of bounded turbulent flows must await the development of con- 
trol algorithms that will sense the state of the turbulent flow, process this 
information and operate actuators to alter it in a beneficial sense. 
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Abstract. The control of turbulent shear flows can be achieved through the con- 
trol of the large-scale structures. Indeed, even in fully turbulent shear flows, these 
large-scale structures are known to be of primary importance for most of the flow 
characteristics. Due to the tinbulent character of flows under practical and in- 
dustrial interests, the detection, analysis, prediction and control of the large-scale 
structures are quite complex. We present, in this chapter, several tools available for 
accessing these large-scale structures. Non conditional, stochastic methods, based 
on correlations, are preferentially detailed. In particular, the Proper Orthogonal 
Decomposition and the Linear Stochastic Estimation are described. As an flltistra- 
tion of the potentialities of these objective stochastic approaches, the particular 
case of the turbulent plane mixing layer is derived as a guide-line all along this 
chapter. In its last part this chapter will focus onto the way by which, using POD, 
low dimensional models of the structures can be derived, in the framework of a 
closed loop control of these structures. This approach, deeply related to the notion 
of deterministic chaos, is then emphasized. The important problem of the closure 
(mean flow/tmrbulent flow) appearing in this context is recalled. The last part of this 
chapter is devoted to a point that is specific and of importance for these stochastic 
approaches. The limits for the representation of the flow by these models when the 
flow configuration evolves have to be given. The methods able to take into account 
this evolution are of crucial importance and under rapid development. 



1 Introduction 

Industrial, applied and fundamental researchers alike are now convinced that 
large-scale, organized motions exist and play a crucial role in turbulent flows. 
These large-scale structures are known to have a recurrent character and most 
of the time they are quasi-periodic: at a given spatial location, they possess 
a preferential size and appear with a preferential frequency.^ Indeed, these 
characteristics are smeared by the turbulent nature of the flow and, unless 
artiflcially excited, possess a random distribution in size, location, frequency 
etc. Large-scale structure can then only be deflned in a statistical way or by 
using speciflc concepts that will be described later in this chapter. 

^ For example, in the case of a plane mixing layer, the preferred large-scale structme 
size is of the order of the vorticity thickness with a typical frequency fp 
corresponding to a Strouhal number = fp Soj/Um of the order of 0.3 (see 
Chap. 6 of this book). 
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It has become increasingly evident that large-scale structures influence 
mixing, noise, vibrations, heat transfer, drag, Hffc etc. Therefore, understand- 
ing their morphology, their dynamics and how they interact "with the sur- 
rounding fluid is often essential for the purpose of controlling turbulent flows. 

As is the case for any t}^e of flow control, large-scale structure control can 
be achieved by passive as well as by active means (for a review, see Chap. 1 of 
this book). However, regardless of which particular method is used to control 
the large-scale structures, it is first necessary to be able to identify them. 
In this first stage of flow control, experimentalists and numerical analysts 
are faced with two initial tasks which are to find out: 1) how to separate 
(extract) these structures from the background turbulence and 2) how their 
average characteristics (in terms of their more probable or dominant role) 
can be determined. These tasks are always complex and non-trivial because 
the large-scale structures are embedded iu random fields and the technique 
used to determine when and where certam structures are passing or present 
is directly related to the definition of the coherent structures. 

Section 2 will be devoted to this problem of large-scale structure identi- 
fication. An overview of different methods wfll be discussed herein. A va- 
riety of detection or analysis methods (both multi- and single-point) are 
now available or are in various stages of development. The following is a 
list of the main methods that will be discussed: Topological Concept-based 
methods; Full Field Methods (e.g., pseudo flow visualization); Conditional 
Sampling (Vorticity-based and other methods); Wavelets; Pattern Recog- 
nition Analysis; Proper Orthogonal Decomposition; Stochastic Estimation. 
Detailed descriptions of these methods can be found in several reference pa- 
pers (see for example (Adrian 1975), (Antonia 1981), (Glauser and George 
1992), (Lesieur 1993), (Berkooz et al. 1993), (Schoppa and Hussain 1994)). 
The existence of numerous different methods can be surprising at first. This 
is related to the diversity of the nature of the data that are available from ex- 
periments and/or computations. The information available from experiments 
can be local (probes) or global (visualizations), time resolved (e.g. hot-wire 
anemometry) or randomly acquired, alternatively triggered by some event 
(e.g. laser Doppler velocimetry, visualization-based velocimetry). In general, 
the information available from experiments is poorly resolved in both time 
and space, and special efforts have to be made to address the global, large- 
scale character of the flow. This is particularly true when, as for most cases 
of practical interest, the flows are turbulent, three-dimensional and occur at 
high Re3molds numbers. On the other hand, and somewhat conversely, the 
information available from numerical simulations is quite complete, and is 
sufficiently resolved in both time and space, as in the case of Direct Numeri- 
cal Simulation (DNS) or Large Eddy Simulation (LES) for example. However, 
in these cases, the amount of information may be considered too large to be 
handled easily and to be interpreted iu terms of large-scale structure. There- 
fore, for numerical simulations, it is generally necessary to choose properly 
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what part of the data has to be processed for the purpose of large-scale 
structure qualification. 

In addition, for practical applications of flow control, it is necessary to define 
the appropriate detectors and the appropriate data processing algorithms to 
be apphed to the “detector” output (here the term “detector” stands for 
any physical diagnostic apparatus). Therefore, even when using a numerical 
approach, specific detection schemes for physical detector outputs must be 
chosen. 

To appreciate the need for these techniques one must understand the 
character of high Reynolds number, often turbulent, motions. As modern, 
full Navier-Stokes computer simulations have made clear, knowing the data 
at many points in the flow does httle in and of itself to make clear what is 
happening, due to the chaotic nature of the flow. The key to understanding 
usually hes in what is done to the data to bring the underlying structure to 
the foreground. 

Most of the techniques that are described in the foUowmg sections have 
been utilized widely over the past decade. Several “revisits” of these tech- 
niques, mainly by several groups cross-checking the results obtained for the 
same data etc., have improved their rehabifity and have allowed for a better 
qualification of their limits of apphcability. 

Section 3 will be devoted to a presentation of the Proper Orthogonal De- 
composition (POD) technique which represents by itself a specific approach 
and concept of large-scale structure identification. This approach, introduced 
by Lumley (1967), is now widely used for analyzing turbulent flows. Several 
characteristics of this decomposition are quite attractive in terms of large- 
scale structure identification: firstly, this approach is objective in the sense 
that no preconceived ideas about the structure are required. Secondly, the 
POD leads to a basis of eigenmodes which are representative of the flow. 
The governing equations of motion can then be projected onto these modes. 
By this approach, the behavior of a structure can be described in terms of 
the evolution of simple scalars (coefiicients of projection). A simple set of 
Ordinary Differential Equations (ODE) are obtained. 

This decomposition is optimal in the sense of kiuetic energy representation: 
this means that no other decomposition can be better for describing turbulent 
energy. In addition, it has been proven that for most turbulent shear flows, a 
very small number of modes are necessary to correctly represent the dynam- 
ical behavior of the large-scale structure. This characteristic means that only 
a small number of ODE will be sufficient for most shear flows. Dynamical 
systems of low order can then be obtained. These aspects will be discussed 
in more detail in Sect. 4. 



1.1 Tools and Methods 

As stated before, several methods for structure identification are available 
and the choice of a particular one is guided both by the available information 




202 JoelDelville, Laurent Cordier and Jean-Paul Bonnet 



or data and by the purpose itself of the identification: physical understand- 
ing, validation of prediction, flow control. In addition, this choice depends on 
the definition of the structure, but also on the experimental and numerical 
capabilities available. For example, from an experimental point of view, some 
approaches require multiple sensors in order to obtain simultaneous instanta- 
neous information at several locations. Some approaches are well adapted to 
scalar results while others require vectorial information. Other approaches, 
however, only require knowledge at one or at most a few spatial locations. 
Moreover, it is necessary to choose the optimal experimental configuration in 
order to characterize the structures. The problem is equivalent to trying to 
find the simplest (rninimum?) sensor arrangement that gains maximum sig- 
nificant information about the structures. It is also related to the complexity 
of the organization of the flow and, in most of cases, it requires simultaneous 
3D measurements of the flow variables such as velocity. 

The recent and rapid advances in, for example: data collection, flow sim- 
ulation, instrumentation, digital data processing, and increases in computa- 
tional, graphical and storage capabilities of computers, have resulted in an 
exponential increase m the application of various methods. 

1.2 Active Control 

The active control of large-scale structure can be defined as attempting to 
bring the structures from their present state to another desired state where 
some given feature of the flow will be enhanced, reduced or simply modified. 
In this chapter, active control is discussed maioly in terms of reactive flow 
control, i.e. a closed loop, feedback system (see Figs. 3 and 4 of Chap. 1). 

As for any active flow control process, the control of large-scale structure 
should take into account the following key-points: detection, analysis, predic- 
tion, strategy and actuation. In the particular case of control through action 
on the large-scale structure, some specific remarks can be made: 

Detection and Detectors: To be able to control the large-scale structure 
in turbulent flows, it is first necessary to detect the presence of the turbulent 
structure one wants to “play” with. This introduces the notion of the choice 
of the optimal detector which is well adapted to practical constraints for ac- 
tual industrial apphcations: miuimum flow perturbation, rehability, minimum 
cost etc. As an example, the rakes of hot wires used for several laboratory 
experiments can hardly be proposed for real airplanes, traios etc. Once the 
choice of the optimal detector is made (either for a laboratory or an indus- 
trial application), it is necessary to address the following points: How can 
these large-scale structures be extracted from the background turbulence? Is 
it possible to provide their “mean” characteristics, for a feedforward control 
for example? How can their contribution to the flow dynamics be determined? 

This is certainly not a trivial task, due mainly to the jitter effect of the 
“random” turbulence (as opposed to “organized” motions) that introduces 
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an unavoidable phase turbulence. By itself, the separation of the turbulent 
activity into “turbulent” or “coherent structures” , corresponding to different 
decompositions of the fluctuating fields, is not unique. Hence, the detection 
method itself cannot be unique. However, the different approaches should 
lead to equivalent results in terms of flow control. 

Whatever the detection scheme is, for the purpose of active control, we 
need to access to instantaneous, real time, information about the large-scale 
structure. For evident, practical reasons, the number of detectors needs to 
be kept as small as possible. It is then necessary to know what kind of infor- 
mation is relevant and suflB.cient in order to access the flow characteristics. 
It is also necessary to know the limit of the description of the flow required 
for efficient control: spectral range, vectorial information (e.g. velocity com- 
ponents) or scalar data (e.g. only one component of velocity, temperature, 
density, concentration, pressure, . . . ), correlations, etc. 

The optimal configuration of the detection and data processing procedures 
that can be used to obtain a relevant description of the structure at a given 
time should be determined. 



Analysis: Once the existence of large-scale structure has been accepted, it 
is necessary to quantify the contribution to turbulence and/or to the sur- 
rounding flow. 

Due to the non-stationary character of the large-scale structures, their 
control requires knowledge of not only the statistical properties, such as the 
Reynolds tensor, but also of the time-dependency. In terms of energy, the 
usual averaging method is useful because it permits a global analysis of flow 
regions of turbulent activity. However, this is not enough for controlling the 
turbulent process, providing that only the result and not the details of this 
process is kno wn. In terms of time dependency, the usual spectral, harmonic 
(Fourier) analysis in time is useful and has in the past proven that it can be 
used for physical interpretation and theoretical analysis of turbulent flow. The 
description of the turbulent processes in terms of the energy cascade can stiff 
be used with some success, even for some open loop flow control. However, 
the harmonic decomposition is in general not detailed enough for active flow 
control. With the exception of some special use of spectral analysis, more 
sophisticated time dependency analysis is required. 

Based on the above remarks, the usual Reynolds decomposition is insuf- 
ficient, and thus alternate decompositions have been introduced, such as the 
double or triple decompositions. For these approaches, the flow is divided into 
coherent and incoherent motions. The coherent part corresponds to “condi- 
tional” contributions, which are the flow properties when a “predetermined” 
type of event occurs. Another solution is to make use directly of some kind 
of projection of the flow characteristics on either prescribed eigenfunctions 
(Fourier, Galerkin modes) or specific, flow dependent ones (POD). For these 
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approaches, no assumptions about the nature of the large-scale structure need 
to be made. 

Regardless of the approach used, it is necessary to estimate the contri- 
bution of the large-scale structure to the global turbulent process that has 
to be controlled. For example, the contribution to turbulent kinetic energy 
production, to diffusion, to shear stress etc. has to be specified. 



Prediction: In order to design a “smart” , and probably more efficient con- 
trol, it is necessary, based on the knowledge of the state of a given detected 
large-scale structure at a given time t, to predict the evolution of this large- 
scale structure for the time t -{- dt. Even “short” time prediction may be suf- 
ficient for control.^ Ideally, the interaction of the large-scale structure with 
the whole flow has to be estimated, such as large scale/small scale interac- 
tions. This requires the ability to define a model for the temporal evolution. ■ 
At the present time, DNS and LES predictions are obviously not suited for 
these purposes. Linearized approaches as Rapid Distortion Theory, or stabil- 
ity analysis can be used. In this context, any procedure allowing to transform 
a Partial Differential Equation (PDE) problem into a much simpler. Ordi- 
nary Differential Equation (ODE) problem is useful. This can be achieved 
by deriving quite simple differential equations that describe the temporal 
evolution of the projection coefficients. When these coefficients, which are 
characteristic of the structures, are available, the ODE can be used for short 
term predictions. It is then necessary, in the context of flow control, to be 
able to access a physical representation of these iostantaneous coefficients. 
This approach will be described below. 

Strategy: As stated before, it is necessary to introduce a specific strategy 
in order to define the flow perturbation required to bring the large-scale 
structure to the required state, while the imposed constraints are satisfied or 
at least approached. 

For such a purpose, a deterministic approach to turbulence can be of great 
interest. The early works of Lorenz (1963) or Ruelle and Takens (1971), have 
shown that, for some simple cases, turbulent behavior can be described by low 
order dynamical systems, or, more precisely, that these systems can exhibit 
a chaotic behavior. Recent developments in chaos control (Shinbrot et al. 
1993, Ott et al. 1990) have demonstrated the great sensitivity of this kind of 
system to ioitial conditions (butterfly effect). 

One of the interests in this type of approach is that this sensitivity allows 
to conjecture that a very small amount of energy can be sufficient in order 

^ One paxticular point need to be recalled: in the approaches that will be derived 
later on, the notion of Dynamical System will be often used. However, in this last 
context, authors are generally interested into asymptotic behavior of the system: 
in closed-loop feedback control, the short time behavior of the system can be 
sufficient. 
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to stabilize (or de-stabilize) the system and leads it into an orbit where the 
desired characteristics are. Up until now, these approaches have been applied 
to systems with a very small number of degrees of freedom. In a non-chaotic 
dynamical system, it would be necessary to introduce a larger amount of 
energy in order to obtain the same result. It is clear that the presence of 
chaos is of interest in order to reduce the cost and to improve the efidciency 
of control (Shinbrot et al. 1992a, Shinbrot et al. 1992b). 



Actuators: The last stage of the active control process is of course the need 
to define the suited “actuator”: the mechanical (Ho et al. 1996) (or other: 
temperature, mass flow . . . ) device by which the flow will be driven toward 
the desired state. In any case, the gross characteristics of such actuators can 
generally be estimated from a global knowledge of the flows. As an example, 
the Strouhal number or the characteristic firequencies of the flows can be used 
to select the order of magnitude or the time response of the actuator. The size 
of the actuators, or their domain of influence, corresponds in general to the 
characteristic scales of the large-scale structure. Thus, to estimate an order 
of magnitude, it is sometimes only necessary to know a few details about the 
non-stationary character of the flow. For example, some flow visualizations 
or conventional spectral analysis can be used for dimensioning the devices. 

Lastly, it has to be recalled that the aerodynamical properties of the 
actuators can be a priori not known, due to special shapes or, in some apph- 
cations, unusual sizes (in general very small scales). This can be also true for 
hydrodynamical properties and for aeroacoustic characteristics. The Reynolds 
numbers can be out of the usual ranges, and in general, these devices oper- 
ate in extremely turbulent environments. Some new research areas may stem 
from the need to obtain better knowledge of the “actuators flows” . Some 
roads remains open for future research! 

2 Large-Scale Structure Identification Scheme 

2.1 Overview 

The definition of large-scale structure is never straightforward. In ordinary 
turbulent flows, these structures are embedded inside the overall chaotic be- 
havior of the turbulence field and are then difficult to detect and to extract. 
It is also difficult to determine their average characteristics (in the sense of 
probabihty or dominance). This is a non-trivial task because the coherent 
structures are generally hidden in a random field and also because the tech- 
nique used to determine when and where certain structures are passing or 
present is directly related to the definition of the coherent structure itself. 

Indeed, first of all it is necessary to try to define the large-scale structure. 
The term itself is still controversial. Sometimes called Organized Motion, Co- 
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herent Structure, Coherent Eddy, these events should agree with a minimum 
set of characteristics. 

Several meetings held in the last few years were devoted to topics directly 
related to Coherent Structures. Detailed proceedings are available for these 
meetings (Moffat and Tsinober 1989), (Gyr 1990), (Lumley 1990), (Langley 
1990), (Metais and Lesieur 1989), (Bonnet and Glauser 1993). 

Among others, let us recall some available definitions: 

From Lesieur : (Lesieur 1990), (Lesieur et al. 1993): 

Suppose that, at a given time to there exists a vorticity concentration within 
a domain C B?. Let Dt be the image of Dto at t >to. Dt is a Coherent 
Structure (coherent vortex) if : i) Df retains a recognizable pattern for 

time delays greater (typically 5 times) than the turnover time (wq “^). ii) 
Dt is unpredictable (i.e. extremely sensitive to small perturbations of initial 
conditions). 

From Hussain : (Hussain 1981), (Hussain 1983): 

“A Coherent Structure is defined as a flow module with instantaneous phase- 
correlated vorticity” . 

From Berkooz : (Berkooz et al. 1993): 

Coherent Structures are defined as “organized spatial features which repeat- 
edly appear (often in flows dominated by local shear) and undergo a charac- 
teristic temporal life cycle” . A rational method for extracting such “features” 
was proposed by Lumley (1967) and will be described later in this chapter. 
This author (Lumley 1981) introduces the concept of “Building Blocks” (ba- 
sis of non-specified functions) based on the notion of more or less “energetic 
modes” on which the velocity field is projected. Using the Shot-Noise the- 
ory (Rice 1954), typical representations of the Coherent Structures can be 
provided. 

El Tahry in (Lumley 1990) reports a discussion where several other proposals 
were given: 

— ftom Perry, a Coherent Structure is a pattern which occurs periodically 
but not necessarily ordered (scale and convection velocities being ran- 
dom), but its orientation is fixed. 

— Prom Kline, Coherent Structures are recursive events contributing to the 
dynamics: Production of Reynolds stress. 

— WygnansM states that the Coherent Structure can be associated with 
the dominant modes of the instability. This proposal is in some sense 
contradicted by Jimenez. 

— Stull defines Coherent Structures as entities which contribute to transport 
of momentum and passive scalars over given distances without consider- 
able diffusion. 
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The concept of “Conditional Eddy” introduced hy Adrian avoids in some 
sense the problems of the definition of Coherent Structure, these condi- 
tional eddies being defined by the event itself. This concept does not imply 
quasi-periodicity of the flow, nor any mechanism related to the generation of 
Reynolds stress (see for example (Adrian 1979), (Bonnet and Glauser 1993)). 
An extended review of this approach can be found in (CISM/ERCOFTAC 
Advanced Course 1996). Typical apphcations in the context of flow control 
will be given later in this chapter. 

Other definitions can be used. Among them topological concepts have been 
introduced by Hunt et al. (1978), for example. 

Each of the Structure Eduction methods then corresponds to one (or several) 
of these definitions. 

In the case of numerical approaches such as DNS or LES, the information 
available is by definition fully detailed, so that any definition can be retained 
and any structure detection method is applicable. However, as previously 
stated, the huge amount of data issued from computations is a real handicap 
for the analysis of flows in terms of large-scale structure. An illustration of 
the multiple pqssibihties offered by numerical data can be found in (Moin 
and Moser 1989), (Adrian and Moin 1988), (Bonnet and Glauser 1993), or 
(TCFD 1993). 

Contrarily, in the case of experimental approaches, it is first necessary to 
define the information which is available or accessible. 



2.2 Accessing the Large-Scale Structure 

Visualizations. Historically, one of the first and, in some sense, the most 
simple way to detect the large-scale structure was to visualize these events. 
Several visualization methods are available, the most popular being the use 
of dyes or smoke in incompressible flows, or Schlieren in compressible flows. 
It is simply necessary here to recall the well known spectacular visualizations 
obtained by Brown and Roshko (1974). 

Although apparently basic, the visualization process is not obvious. When 
tracers are used, particular care should be taken in choosing the location of 
seeding so that the tracer follows the vorticity. In this case, it is necessary to 
assume that the molecular diffusion is neghgible. Cimbala et al. (1988) have 
shown in a wake that misleading interpretations can be obtained when the 
seeding is introduced in different downstream positions. 



Velocity Measurements. More quantitative analysis can be performed 
with conventional measurement techniques. 
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Hot Wire Anemometry is, up to now, the most appropriate method due to 
two main properties: 

— it dehvers velocity signals which are continuous in time with a good fre- 
quency range (the inertial range is easily well described and the dissipa- 
tive scales can be reached if probes are well designed), 

— due to its relatively low cost, it allows multi-point measurements. The 
number of hot-wires being used simultaneously is continuously increas- 
ing (DelvUle 1995); 48 hot-wires, (Citriniti 1996); 138 hot-wires. In one 
direction, spatial meshes close to the ones that can be obtained from nu- 
merical simulations can then be approached, while the temporal descrip- 
tion (record lengths) remains several orders of magnitude higher than 
that numerical simulations can provide. 

However, some limitations on the use of this technique remain: 

— spatial integration,^ due to the wire length; this effect can be reduced by 
using gold plated or Wollaston wires. 

— The intrusive nature of this technique may restrict its appHcation field. 
This is more crucial when multi-probe configurations are used. 

— For practical, industrial apphcations, the fragility and sensitivity to ex- 
ternal perturbations (dust, noise, etc) can prohibit the use of such appa- 
ratus. 

The Particle Image Velocimetry (PIV) (2D or, better Holographic) asso- 
ciates visualization and multi-point velocity measurement, thus allowing to 
obtain both visual and quantitative velocity information. Potentially any de- 
tection method can be used in this case. At present, these approaches are 
limited to research laboratories, but are under rapid development and sys- 
tematic use is probable in the very near future. For example, in an application 
to the backward-facing step, Huang (1994) was able to apply POD to PIV. 
However, up until now the temporal bandwidth of PIV has remained low (of 
the order of ten pictures per second) and apphcations to high Reynolds num- 
ber and 3D flow are limited. Some attempts are presently made to combine 
hot wire rake measurements and PIV in order to obtain simultaneously good 
spatial and temporal descriptions (Glauser 1996). 

Laser-based quantitative measurements, are generally not used in Coherent 
Structures eduction processes, due to limitations in the number of measure- 
ment locations, and to the discontinuous nature of the temporal information 

^ This spatial iategration can be, in fact, a favorable point if spatial alias ing is 
considered: there is no other practical way to avoid spatial aliasing than playing 
with the spatial integration properties of the sensor. Comments about this can be 
found in (Citriniti and George 1997) or (CISM/ERCOFTAC Advanced Course 
1996). 




4 Large-Scale-Stmcture Identification and Control 209 



(linked to the random presence of the seeding particles involving a random 
occurrence of the signals). However, a few attempts have been made to use 
Laser Doppler Velocimetry (LDV) for Coherent Structures characterization 
purposes (Lehman and Mante 1993, (Koochesfahni et al. 1979). In these cases 
indeed, the non-intrusive character of the LDV can be a crucial advantage. 



Use of scalar information. It is usual to analyze the large-scale structure 
from velocity measurements, with one or (best) several components. How- 
ever, the use of velocity as an input for flow control may lead to a certain 
number of problems: for an industrial apphcation, it may be difficult to access 
to instantaneous velocity components, mainly for complex flow geometries. 
On the other hand, this information may not be relevant, for example if the 
purpose of the process is to control temperature or pressure fluctuations: in 
these cases, it may be more useful to use temperature or pressure as input. Up 
to now, only very few apphcations can be found for approaches that use in- 
formation other than that arising from the velocity. Temperature, considered 
as a passive contaminant, has been used successfuly for Coherent Structures 
detection by Antonia et al. (1986) among other authors. Pressure informa- 
tion is used extensively for most flow control in aeroacoustic problems. For 
wall flows this information is easy to obtain. However, in free shear flows, 
the local fluctuations of static pressure, which constitute one of the relevant 
quantities, are difficult to measure. Some attempts have been made in the 
case of high velocity flows (Long et al. 1993). 



2.3 Excited vs Natural Approaches 



For several flow configurations, such as free shear flows in particular, it is 
possible to use small amphtude excitations of the flow. If these excitations 
occur in the vicinity of the most amplified unstable modes present in the flow, 
they wiU, in some sense, “freeze” the flow patterns. The frequency domain 
of excitation can also correspond to harmonic or subharmonic frequencies. 
Hussain (1983) has shown that in the case of mixing layers, the resulting large- 
scale structures are of the same nature in natural and excited configurations. 
The interest of the excited configuration is that the large-scale structures are 
“cleaner” than in the natural case, and they can be detected by a simple 
triggering process, providing the reference signal is known. 

Except for the excited case, usual Coherent Structures detection requires 
at least 2 point information, particularly when velocity is concerned. The 
early use of two point measurements was to compute the space-time corre- 
lation between two signals (see for example (Favre et al. 1976), (Townsend 
1976)). Later, instantaneous analysis was made possible by using more com- 
plex data acquisition and processing. 
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2.4 Detection Methods 

The aim of this section is to present an overview, and the state of the art 
of detection and analysis techniques. The next paragraphs are devoted to 
brief presentations of the most popular methods developed up to now for 
identifying large-scale structure in free turbulent flows. Most of these meth- 
ods can be found in the proceedings of an lUTAM Symposium (Bonnet and 
Glauser 1993). We intentionnaly restrict this review to free shear flows. It is 
important to note however that most detection schemes presented here can 
be successfully appfled to wall bounded shear flows as long as the unique 
problems associated with them are accounted for (e.g., probe interference, 
mesh requirements, etc.). 

As shown in Table 1, from a general point of view, it is possible to classify 
the different approaches into two categories. 



Table 1. Classification of detection methods. 



CONDITIONAL 


Non-CONDITIONAL 


• Detection: Structure definition) 


• Space-Time Correlation 


- Fluctuation Levels 

- 4 Quadrants 


& Spectral Analysis 


-VITA 

- Gradients 
-TPAV 

- Tracers (temperature . . . ) 

- Visualizations 

- Topology 


• Orthogonal Decomposition 


• Wavelets 


• Stochastic Estimation 


• Pattern Recognition 


STATISTICS: 


- Ensemble Average 


- More Probable Characteristics 


- Multiple Decomposition 


- Modal Decomposition 


- Coherent Structures dynamics 


- Dynamical Systems 


- Statistical Properties 



The first category, “conditional approaches” , consists of the detection of the 
passage or presence of a given event when a prescribed condition is fulfilled. 
This detection allows one to collect events, to compute averages and then 
to compile the main characteristics of the Coherent Structures. This first 
approach requires variable degrees of subjectivity or preconceived notions of 
the flow characteristics. 
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The second kind of approach involves statistical information (such as space- 
time correlations, for example) to derive the characteristics of the Coher- 
ent Structures, which are responsible for these statistics. These approaches 
are entirely “objective” or, at least more “objective” than in the first case. 
They are, however, limited to stochastic information, although under certain 
conditions they can provide instantaneous characteristics and they can be 
associated with conditional approaches, thereby making the two approaches 
complementary. 



From both approaches, in addition to the information on the morphology 
of the Coherent Structures, it is possible to determine their dynamics, their 
contribution to the turbulent transport processes, etc These charac- 

teristics are essential for the purposes of analysis and control of the flows, 
for developing new computational methods and for validation of numerical 
simulations. 



The Variable Integration Time Average (VITA) introduces a time 
scale in the selection process. VITA is now a popular method apphed mainly 
to boundary layer flows, but easily appphcable to free flows. The principle 
was introduced by Blackwelder and Kaplan (1976). The raw velocity signal 
u(x,t) (with a variance au) is integrated over a short time scaled on the 
characteristic time scale of the structure. A new signal is then generated 

= u{x,t)dt (1) 

T Jt-^T 

The variance of the new signal, cr„ is then thresholded and a detector function 
is built. 




]£al>K al 
otherwise 



( 2 ) 



K is an arbitrary parameter defining the threshold. 

The interpretation of the results is well established in bounded flows but 
less clear in free shear flows. As quoted by Ferre and Girault (1989a), this 
method is based on a local energy criterion. This criterion is not relevant for 
every Coherent Structure, particularly in free shear flows. 

Wallace et al. (1977) have improved this approach by introducing pattern 
recognition criteria for the velocity signals. The signals are recognized after 
pre-defined typical behaviors such as strong acceleration followed by slow 
velocity decrease. Here also this approach is well suited to wall flows but not 
very convenient when the overall flow characteristics are unknown. 
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The Pattern Recognition Approach (PRA) has been introduced by 
Mumford (1982) and refined by several authors (Ferre and Girault 1989a), 
(Ferre and Girault 1989b) (see Ferre in (Bonnet and Glauser 1993)). This 
technique is an iterative process that allows one to determine the ensemble 
average of the Coherent Structure and to detect the patterns embedded in 
the time series. The process starts horn an initial template of a conjectured 
trace of the Coherent Structure, and from a correlation analysis, converges 
towards a final template. This procedure has been shown to be practically 
independent of the initial template, but with low values of the correlation 
coefficient (Berkooz et al. 1993). The usual apphcations of the conditional 
sampling techniques (statistics, contributions to turbulent processes, etc.) 
are possible. 



Conditional Sampling is the technique that traditionally has been related 
to the “conventional” definitions of Coherent Structures. These techniques 
educe the average (most dominant?) structure and can also instantaneously 
characterize the location of a given Coherent Structure. This method is also 
directly related to the theoretical and computational approaches based on 
the multiple decomposition of the turbulent fields (Hussain 1986). It consists 
of choosing, at some location(s) of the flow, any single or multiple reference 
signal (detector), and applying the appropriate criteria for determining the 
instant(s) in time which correspond(s) to the presence of a given event. Sev- 
eral approaches can be used, depending on the variable considered (velocity, 
vorticity, pressure, . . .). The most popular methods are described in several 
reviews (see for example (Antonia 1981)). In the case of artificially excited 
flows this techniques becomes straightforward. More recent techniques are 
based on vorticity (Jeong et al., Hayakawa see (Bonnet and Glauser 1993)). 
These techniques are quite robust and sfightly dependent on the threshold lev- 
els. A version of this approach, based on a weighted average gradient (WAG), 
has been apphed by Bisset et al. (1990). These methods require a limited num- 
ber of sensors. If rakes of sensors are available, a “Delocalized” Conditional 
Sampling can be used as in Beilin et al. see (Bonnet and Glauser 1993) in 
order to improve the efficiency of the detection and to obtain more detailed 
information on the Coherent Structures (statistics on scales, locations, etc.). 
Indeed, some specific techniques can be adapted to the given flow configura- 
tion. The aforementioned techniques require several adjustments for threshold 
levels and/or detector choices. The contributions from various terms of the 
multiple decomposition can then be computed. This information is of cur- 
rent interest for both understanding the dynamics of the structures and for 
numerical predictions. 



The Wavelet Transform consists of building the equivalent of an analys- 
ing “mathematical microscope” ; the signal is analyzed by associating locally 
a set of wavelets built from the different dilatations of the analyzing function 
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(Farge 1992). This approach allows for detection of the instantaneous discon- 
tinuities of the signals, which can be related directly to the footprint of the 
Coherent Structures (see Kevlahan et al. in (Bonnet and Glauser 1993)). In 
other recent applications, the wavelet transform has been used to define a 
time-frequency mask. This method has proven its efiiciency in several flows, 
including turbulent free shear layers and a manipulated turbulent boundary 
layer. It allows to extract large-scale structure from the background turbu- 
lence (Bonnet et al. 1996) or (De Souza et al. 1997). 



The Proper Orthogonal Decomposition (POD) as introduced by Lum- 
ley, consists of the identification of a coherent structure which has the largest 
mean squared projection on the flow field (Berkooz et al. 1993). This approach 
is optimal in the energy sense, has a rapid convergence, must be appfied to 
inhomogenous directions and requires no a priori knowledge of the flow. Var- 
ious apphcations of POD can be used; classical POD, snapshot POD, and 
POD based on scalar or vectorial fields. It has been shown that the contribu- 
tion of the first POD modes to the instantaneous velocity field exhibits most 
of the large scale features observed in the original velocity fields. The POD 
can also be combined with conditional techniques. AU of these aspects wfll 
be detailed in Sect. 3. 



The Linear Stochastic Estimation (LSE) Technique as introduced by 
Adrian (1979) uses the conditional information specified about the flow at 
one or several locations, in conjunction with its statistical properties (corre- 
lations), to estimate information at other locations in the flow. This approach 
can be associated with complementary methods, such as POD, conditional 
sampling, quadrant analysis, etc. As examples, from an experimental point 
of view, LSE extends the possibihty of Coherent Structures analysis with a 
given number of probes and permits the use of the dynamical reconstruction 
as developed by Gieseke and Guezennec in (Bonnet and Glauser 1993). This 
method wfll be described in more detail in last part of Sect. 3. 



Filters: In several cases, the large-scale structures possess a marked signa- 
ture in the firequency range. Generally this corresponds to cases where dom- 
inant structures exist and have spectral footprints appearing as sharp peaks 
of the energy spectral density at certain frequencies. In these cases, some fil- 
tering techniques can be used to separate the coherent contribution from the 
turbulent flow fleld. Such approaches have been developed by Brereton and 
Kodal (1994) or De Souza et al. (1997). The method consists in defining a 
frequency-based filter either by auto-recursive or by Fourier techniques. This 
kind of approach can be very efficient when the Goherent Structures footprint 
is very well locahzed in the frequency domain. Such is the case when vortex 
shedding occurs or when, for example, well defined unstable modes (such 
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as Kelvin-Helmoltz) are present. However, for more complex flow structures, 
these approaches will be in general inefficient. 



Other Techniques. Other techniques have been either described or used to 
complement those noted above. We mention the Pseudo-Flow Visualization 
(PFV) Technique for rapid and simple visual analysis of raw data from rakes 
of sensors (see for example Beilin et al. in (Bonnet and Glauser 1993)). Recent 
results show that the so-called complementary technique, which combines 
LSE and POD, can be used to obtain time dependent information (i.e., the 
phase) from the POD while greatly reducing the amount of instantaneous 
data required (Bonnet and Glauser 1993), (Faghani 1996). 



Remarks. These techniques are now reasonably mature enough to be 
widely used. Berkooz et al. (1993) have given a review of some of the above- 
mentioned methods. Kevlahan et al. (see (Bonnet and Glauser 1993)) have 
compared the apphcation of several methods to synthetic data. During a 
collaborative programme (Bonnet et al. 1993), some of these methods were 
apphed to the same data base for a free, turbulent, incompressible shear flow. 
The main conclusions of this comparative study were: the methods apphed 
are generally limited to 2D characteristics. It is clear that the 3D nature 
of Coherent Structures should be taken into consideration. Experiments to 
obtain 3D information are complex and great care must be taken to select 
the optimal experimental arrangements for hot-wire rakes for example. The 
comparison of results obtained from various techniques permits the determi- 
nation of some common features and helps to avoid discrepancies appearing 
between the different approaches and related Coherent Structure definitions. 
The conclusion drawn from most of these comparisons of eduction methods 
was that the different methods lead to the same average characteristics. 

However, major discrepancies are observed in the “efficiency” of the detection 
process. Some methods clearly “miss” more events than others. This is not 
a problem when only statistical properties are required. However, in terms 
of flow control^ a poor efficiency can be dramatic: if the detection process ig- 
nores too many large-scale structures, the resulting action can be inefficient. 
Indeed, the individual efficiency of each conditional method can be improved 
by properly adjusting the unavoidable thresholds associated with any condi- 
tional method. This, however, is a sort of limitation of conditional sampling 
methods, provi ding that the abovementioned thresholds are flow dependant. 

Finally, knowledge of the detailed characteristics and dynamics of Coherent 
Structures can suggest new approaches of flow control using either passive or 
active means. 
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3 The Particular Case of POD 

In this section, a particular large-scale structure identification procedure, 
that is of interest for flow control, is analyzed and developed: the Proper 
Orthogonal Decomposition (POD). More exhaustive reviews on POD can be 
found in (Berkooz et al. 1993) and in a recent well documented book (Hohnes 
et al. 1996). The aim of this section is first to recall the POD theory and some 
properties of this decomposition. Then a particular case, the plane mixing 
layer, will be used to illustrate what kind of information this decomposition 
can provide. At the end of this section special attention wiU be paid to the 
way by which, in the context of flow control, the instantaneous projection 
coefficients of the POD can be obtained. 

3.1 The POD Approach in Brief 

Lumley (1967) proposed a method, generafizing spectral analysis to non- 
homogeneous directions, applied to turbulent flow analysis. He showed that 
in this way the do min ant large-scale structures can be defined in an objective 
and unique maimer. The formalized approach is intensively described in the 
book “Stochastic Tools in Tlirbuience” (Lumley 1970). It suggests that the 
Coherent Structures within a random field can be identified with the reahza- 
tion of the flow that possesses the largest projection onto the flow field. This 
approach, the POD, is a classical tool in Probability theory (Loeve 1955). 
This method is also called, among other denominations, Karhunen-Loeve ex- 
pansion in Pattern Recognition theory (Ash and Gardner 1975), (Fukunaga 
1972) or Principal Component Analysis by statistical analysts. (Ahmed and 
Goldstein 1975). 

Compared to many other classical methods used for large-scale structure 
identification (Conditional Methods, VITA, Pattern Recognition Analysis, 
. . . ), POD is very attractive because no a priori is needed for the eduction 
scheme. Only a set of flow samples is necessary. Prom these samples a two- 
point correlation tensor is constructed for one or several directions (spatial 
or/and temporal) and for one or several flow variables. Adding directions or 
variables leads to more complex decompositions but generally leads to more 
precise descriptions of the large-scale structure (Delville 1995). 

Solving the POD problem can be reduced to determining the solutions of 
an integral eigenvalue problem (Fredholm equation) where the kernel is the 
correlation tensor. A basis of uncorrelated orthogonal functions (eigenfunc- 
tions or eigenvectors), which are characteristic of the most probable “flow 
realizations” is then obtained. This important property permits the decom- 
position of every flow realization onto the basis of eigenfunctions obtained. By 
definition, POD is optimal in terms of the description of the energy present 
within the flow. 
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This decomposition is an elegant procedure that allows two approaches, 
sometimes described as antagonist, to coexist: statistical and deterministic 
approaches of turbulence. Despite the fact that it is based on statistical meth- 
ods, the POD allows some kind of deterministic formahsm to be introduced 
for the large-scale structure. 



3.2 Formal Definition of POD 

POD consists of searching for a set of deterministic uncorrelated flow realiza- 
tions that correspond to preferred modes ^{X) of the flow. Consider u{X) 
to be a set of realizations of the velocity fleld'^ {X = (x, y, z, t)). To determine 
these modes it is simply required to search within the flow realizations Ui{X) 
for the ^{X) “closest” in average to this set. At this level, the average is not 
defined, and will depend on the kind of POD used. 



Mathematically this problem can be written: 






= Max 



where (it, v) corresponds to the scalar product it by u defined by:^ 



p Tic p 

{u,v)= / u{X)v*{X)dX = Y' / Ui{X)vt{X)dX 

Jt> J-D 



( 3 ) 

( 4 ) 



Uc is the number of vectorial components that are taken into account for 
describing the random function u{X) used for the decomposition. The av- 
erage operator (•) can be a temporal, spatial, ensemble or phase average, 
depending on the approach used. 

The POD approach can be compared to searching, in the space of velocity 
field realizations, for a direction that can describe the preferred organization 
of the flow in terms of energy. The remainder of this flow description is 
decomposed in the same way, and this process is repeated ad infinitum up to 
the determination of the last significant mode. 

The problem of maximization (3), leads to a Predhohn integral eigenvalue 
problem (Lumley 1970): 



V/ Rij{X,X')^j{X')dX' = \^i{X) 
1=1 



( 5 ) 



where Rij is the two-point space-time correlation tensor, estimated over the 
studied spatial domain V, and defined by: 

^ This choice is not the only one that can be considered. For example vorticity 
co(X) = rot [«(^)] (see (Sanghi 1991)), the stream function the pressure 
(Long et al. 1993), or any scalar or vectorial quantity of the flow can be used. 

^ Here, (•)* corresponds to the complex conjugate. 
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Rij{X, X') = (ui{X)u‘j{X')) (6) 



3.3 The POD Theorem 

The solution of the Fredholm integral equation (5) is discussed in the Hilbert- 
Schmidt theory (Riesz and Nagy 1955), (Temam 1988). For this theory to be 
apphed, the integration domain has to be finite so that the integral (5) exists 
and the correlation tensor Rij is symmetric and belongs to the space. 
In the particular case where homogeneous or stationary directions exist, the 
domain of integration becomes unbounded. In such a case, a different decom- 
position has to be applied: the harmonic decomposition is well suited to this 
task, and is generally preferred. 



When these integration conditions are satisfied, the POD theorem can 
be derived (Loeve 1955). The main consequences of this theorem are given 
below: 



1. The integral equation (5) has a discrete set of solutions satisfying: 




Rij{X, X') dX' = ^t\x) 



n = 1, 2, 3, • • • , +00 



( 7 ) 



where (n) is the order of the orthogonal decomposition and where 
and are respectively the eigenvalues and eigenvectors (or eigenfunc- 
tions) of POD. 

2. The operator R is hermitian and non negative.® The eigenvalues are then 
real, positive and the corresponding series converges: 

AW>A^2)>A(3)>--- (8) 

3. The eigenfunctions can be chosen to be orthonormal: ^ 

® u) > 0 for each u. 

^ This choice is arbitrary when these function are determined relative to a mul- 
tipficative constant. When a “snapshot” POD is involved (see for example 
(Rempfer and Easel 1994a)), the eigenfunctions are chosen such that: 



Ttc p 

i=l 



dX = 



(9) 



and the coefiicients verify = 5mn- For nmnerical reasons, it is 

easier to use condition (10) for the “classical POD”, and condition (9) for the 
“snapshot POD.” 
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£ #(X) dX = = I ” (10) 

4. Each realization of the random field Ui{X) can be constructed from the 

/ \ 

deterministic eigenfunctions : 

+00 

(11) 

n—l 

5. The random coefficients , projections of u onto are then calculated 
by using: 

aW = («, $)= f Ui(X) (X) dX (12) 

Jv 

6. Mercer’s theorem (Courant and Hilbert 1953) specifies that the correla- 
tions Rij can be decomposed in the following way: 

+00 

Rij{X,X') = J^A<’‘>0f”\X) ^‘'"'(X') (13) 

n=l 

and that this series is uniformly convergent. 

7. Points 6, 4 and 3 impose that the coefficients are mutually uncorre- 
lated and satisfy: 

( 14 ) 

8. Points 6 and 3 allow one to write: 

- Tic +00 

/ Vfiii(X,X)<iX = X)^‘"’ (1^) 

i=l n^l 

In particular, if u{X) is a velocity field, the sum of ah. the eigenvalues cor- 
responds to the turbulent kinetic energy integrated over the domain V. If 
u{X) is a vorticity field (Sanghi 1991), this relation leads to the system 
enstrophy. Relative to the notion of large-scale structure, the eigenval- 
ues of the problem (5) are then representative of the mean energy 
corresponding to the structure of order (n). These eigenvalues are then 
a measure of the relative importance of the different structures present 
within the flow. 

9. The POD basis is optimal for describing energy. If ^\^\x) is the POD 
basis, and (X) any other orthonormal basis, one can write: 

+CW +00 

t<i(X) = ^6<">ff>(X) = y^aW^W(X) 



( 16 ) 
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Berkooz (1991) show that for each N the following equality holds: 

N N N 

n—l n=l n=l 

This last result is one of the reasons for using the POD to construct a 
low order dynamical system: the optimal convergence suggests that only 
a very small number of modes may be necessary to describe the large 
scale dynamics of the flow. 





3.4 Diflferent POD Approaches 

Depending on the way the ensemble average (•) is defined for calculating 
the kernel of the integral eigenvalue problem, different orthogonal decompo- 
sitions can be obtained: classical, snapshot, extended, biorthogonal, For 

example, the ensemble average can consist of: 

— a temporal average, under the ergodicity assumption in statistically sta- 
tionary flows: “classical” method. 

— a spatial average, estimated for N uniformly sampled discrete times = 
nr for n = 1, .. . N, for which the instantaneous flow fields Ui{x,nr) 
are uncorrelated, where r is a time scale, characteristic of the correlation 
time: “snapshots” method (Sirovich 1987a; 1987b; 1987c). 

— a spatial average estimated for time realizations satisfying the symmetry 
group of the equation used to generate the signal: (Sirovich 1987a; 1987b; 
1987c); (Breuer and Sirovich 1991) ; (Sirovich and Park 1990), (Park and 
Sirovich 1990) ; (Deane and Sirovich 1991) ; (Aubry et al. 1993). 

— an ensemble average of time realizations with different initial conditions: 
extended POD (Glezer et al. 1989). 

— a spatial average estimated for time realizations obtained with condi- 
tional measurements (in practice, phase average of background periodic- 
ity) (Sirovich 1989) ; (Sirovich et al. 1990b) ; (Rajaee et al. 1994). 

— a spatial or time average estimated with space-time realizations of the 
flow tt(£c, t) without assumptions as to the properties of the signal, such 
as ergodicity or statistical stationarity: the Biorthogonal Decomposition 
(Aubry et al. 1991). 

In what follows, only two methods: the “classical” method and the “snap- 
shots” method will be described. 



“Classical” Method. This approach is the one originated by Lumley (1967). 
In this case, the ensemble average (•) is temporal and X is assimilated to 
the space variable x = (x,y,z). 

The (a;) are eigenfunctions of the Fredhohn integral equation written: 
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where the kernel is the two-point spatial correlation tensor Rij, and is 
evaluated from a temporal average assimilated to an ensemble average, based 
on the assumptions of stationarity and ergodicity: 

1 f ^pop 

Rij{x,x') = - / Ui{x,t)uj{x',t) dt= V (19) 

where T is a sufficiently long period of time for which the space-time signal 
Ui{x,t) is obtained and where NpoD is the number of POD modes. 

The time dependent coefficients {t) can be estimated using the relation: 

— f Ui{x^t) {x) dx (20) 

Jv 

In this approach, the flow directions are decomposed in directions assumed 
homogeneous using a harmonic decomposition, and in inhomogeneous direc- 
tions by applying the Proper Orthogonal Decomposition. 



“Snapshots” Method. In this method introduced by Sirovich (1987a; 
1987b; 1987c), the ensemble average operator (•) is evaluated as a space 
average and the variable X is assimilated to time t. 

It allows to overcome a critical size problem that can be encountered 
when applying the classical method: considering Nx,Ny and iV^ the number 
of nodes of the experimental (or numerical) grid in directions X, Y, Z and 
TLc the number of velocity components used for the decomposition, the size 
of the integral problem (5) to solve, is ric x x Ny x Nz- This size can 
quickly become too large to be solved. In the classical method, this point 
can be taken into account by decomposing flow directions in homogeneous 
and inhomogeneous directions. In the method of “snapshots”, the size of 
the integral problem to be solved is only related to the number of temporal 
realizations Nt retained in the sample. This number is generally less than 
Tie X Nx X Ny X Nz- Note that this method does not require any hypothesis 
concerning the homogeneity of the flow. 

The eigenfunctions arising from this decomposition are now purely temporal. 
They are simply the (t) coefficients. The integral equation to solve is: 

f dt' = 

Jt 



( 21 ) 
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where the kernel C{t, t') of the eigenvalue problem is the two-point tem- 
poral correlation tensor defined as: 

1 /* 1 

= — J Ui{x,t)ui{x,t') dx = — ^ (22) 

^ n—\ 

The spatial basis functions can be calculated from the velocities 

Ui{x,t) and the coefiicients by integrating over a sufficiently long 

period of time T and normahzing by the eigenvalues : 

di (23) 

Note that for the above two approaches of the orthogonal decomposition 
(“classical” and “snapshots”): 

1. Each space-time realization Ui{x,t) can be expanded into orthogonal ba- 
sis functions with uncorrelated coefficients 

Npop 

Uj(x,t) = ^ (24) 

n=l 

2. The spatial modes {x) are specified to be orthonormal: 

f ^^^\x)^^^\x)dx^5nm (25) 

Jv 

3. The temporal modes a^”)(t) are orthogonal: 

i /a<">(t)a(’">*(i)dt = AW5„„ (26) 

In practice, the choice of the solution via the “classical” method (18) or via 
the “snapshots” method (21) is determined by the particular data set avail- 
able for the evaluation of the kernels. Data sets from experiments typically 
consist of a long time history with moderate spatial resolution, whereas data 
sets from numerical simulation typically offer much higher spatial resolution 
but a moderate time history. Therefore, the data issued from an experimental 
approach will be generally^ treated by using the “classical” method and data 
issued from numerical simulation by the “snapshots” method. 

® An exception is the case of data sets obtained from Particle Image Velocimetry. 
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3.5 POD and Harmonic Analysis 

To apply tlie orthogonal decomposition, the domain V defined in (5) should 
be bounded. It is thus necessary to pay special attention to flow directions 
assumed to be homogeneous, stationary or periodic. 

For example, we can assume that the spatial direction OXz is homoge- 
neous (a generalization including other directions is immediate). Sphtting 
the space-time variable X = (xi,X 2 ,xs,t) into a homogeneous variable x^ 
and inhomogeneous variables, we introduce a new variable % — (xi, X 2 ,t) for 
which the Fredhohn equation (5) is written as follows: 




where: 



1. Si is the Fourier series decomposition in the OXs direction of ^i. 

2. Ilij is the Fourier transform in the OX 3 direction of the correlation tensor 

Rij : 



Ilij 



ixx'ih) = j 



Rijix, x‘i rs) exp{-27Tjk3r3)dr3 
Rijix X'\ -^ 3 ) exp(27Tjfc3r3)dr3 



(28) 



In each homogeneous (or stationary) direction, the harmonic functions 
are solutions of the integral Fredholm equation. As a first approximation, the 
orthogonal decomposition can be viewed as the generalization of the harmonic 
decomposition to the inhomogeneous directions. 



3.6 Evaluative Summary of the POD Approach 

The POD approach by itself is neither a theory nor a closure method for 
turbulent flows. It is a technique for data analysis (as the classical Fourier 
analysis or wavelets are). 

The main feature of the POD is that it is a decomposition: 

— onto a “natural” basis of the flow: the eigenvectors of the two-point corre- 

lation tensor. It is then clear that this decomposition, because it isbased 
on “intrinsic” functions of the flow, wfll be more efficient than other 
decompositions based on functions that are given a priori: harmonic de- 
composition, Chebyshev polynomials, 

— In this basis, the eigenfunctions can be considered as the preferred sta- 
tistical directions of the flow. 
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— This basis is orthogonal, in the sense that the various modes are statisti- 
cally uncorrelated. 

Am ong the advantages related to this method are the following: 

— This method is objective, methodic and rigorous. 

— The POD is a linear process but it does not invoke the linearity of the 
process under study. 

— The POD is efficient (best decomposition in terms of energy). 

— The efficiency of POD increases with the level of inhomogeneity of the 
direction m which it is applied; it is then suited for the analysis of tur- 
bulent shear flows. In the particular case of an homogeneous direction, 
POD degenerates into a classical harmonic decomposition. This method 
is therefore complementary to harmonic methods. 

— This decomposition is an interesting complement to dynamical systems 
theory in the sense that this theory requires systems of minimal order, 
while the POD captures a maximum of energy with a minimum number 
of modes. 

Among the disadvantages related to this method the following points can 
be underhned: 

— This technique requires the knowledge of a two-point correlation tensor 
over a great number of points. Its use can then be limited by the size of 
the data sets that can quickly become huge. 

— One of the most important limitations of the POD is called the “phase 
indetermination”. This indetermination is due to the use of two-point 
correlations and appears for directions where a harmonic decomposition 
has to be used. It can be easily proven that if ^{x'] ^s) is a solution of 
(27) then every eigenfunction ^(x^; ^^ 3 )^(fcs)) where ^(^ 3 ) is a random 
phase function, will also be a solution. However this indetermination oc- 
curs only for the directions where a harmonic decomposition has been 
used. For the classical POD in particular, it is impossible to obtain di- 
rectly a description of the preferred modes in the physical space. However, 
complementary techniques can be used in order to palhate this problem 
(Herzog 1986) or (Moin and Moser 1989). Dynamical systems theory can 
also provide this information indirectly. 

— Another limitation of the POD resides in the intrinsic nature of the eigen- 
functions. These eigenfunctions are directly related to the flow configu- 
ration from which they have been derived. The extrapolation of these 
functions to flows of a different nature, or to the same flow but with 
other physical parameters (geometry) or control parameters (Reynolds 
number, . . . ), can be difficult to undertake (see Sect. 4.6). 
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3.7 Some Typical Applications of POD 

We present here only a brief overview of some notable applications of POD 
which can be found in the literature. The reader can refer to Holmes et al. 
(1996) for a more complete review on the topic. 

The POD method was first applied to experimental data in 1967 by Payne 
(1966), Payne and Lumley (1967) to study the data sets obtained by Grant 
(1958) in the wake of a cylinder. These data were limited to a small part of the 
two-point correlation tensor and the measurement mesh was quite coarse and 
incomplete. To palliate this poor resolution, the authors used an ensemble 
of complementary techniques: Gram-Charfier decomposition (Payne 1966), 
(Prenkiel and Klebanoff 1967); use of a mixing length hypothesis and the 
continuity equation to estimate the remaining part of the correlation tensor. 
Contrarily to what they expected, the first POD mode did not really dominate 
the subsequent modes.^ However, the first mode of the POD confirmed the 
approach of Townsend (1976) according to which the flow organization is 
dominated by large scale counter-rotating eddies which are inclined with 
respect to the wake axis (‘‘Double Roller Eddy Model”). 

POD in Wall-Bounded Flows: Herzog (1986) performed a complete three di- 
mensional POD analysis of the wall layer of a turbulent pipe flow using the 
correlation tensor obtained experimentally with neither interpolation nor ap- 
proximation. The measurements of the streamwise and spanwise components 
of the velocities were used to estimate the first three POD eigenfunctions. 
Herzog found that approximately 60% of the total kinetic energy is contained 
in the first eigenmode. By use of the “Shot Noise” technique to palliate the 
initial phase loss due to the use of the two-point correlation tensor, Herzog 
reconstructed the zero phase structure in physical space and found a pair of 
counter rotating vortices with physical characteristics that match the results 
of Bakewell and Lumley (1967). 

Later, these eigenfunctions were used by Lumley’s group to develop a low 
order dynamical model for the coherent structures (e.g. (Aubry et al. 1988)). 

Using the channel-flow data base of Kim et al. (1987) obtained by direct nu- 
merical simulation, Mpin and Moser (1989) consider in particular the problem 
of phase loss related to POD. They propose different techniques to determine 
the original phase of the dominant structure. In this manner, these authors 
obtain what they call “characteristic eddies” . The dominant eddy is found to 
contribute to as much as 76% of the turbulent kinetic energy. 



This quite “disappointing” result can be explained by the low resolution of the 
data sets and by the great number of “complementary techniques” used in this 
study. 



9 
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POD in Free Shear Flows: Except for the initial study by Payne and Lumley 
(1967) of the cylinder wake, one of the first free shear flows to be analyzed 
was the annular jet mixing layer by Glauser and George. After a first ap- 
plication of the POD to the streamwise velocity component by Glauser et 
al. (1985), this approach was generahzed to all the velocity components by 
Glauser and George (1987a), Glauser and George (1987b), Glauser et al. 
(1987). For the first time the correlation tensor was estimated by means of 
rakes of hot wires. In these studies, the jet was assumed approximately homo- 
geneous in the streamwise direction and periodic in the azimuthal direction. 
These assumptions facilitate the use of the harmonic decomposition in these 
directions. The main results obtained are: (i) the first POD mode contributes 
to 40% of the total turbulent kinetic energy, demonstrating the efiiciency of 
the POD in capturing kinetic energy; (ii) by stud 3 dng the shape of the eigen- 
functions and eigenvalues, the important role of a secondary mode exhibiting 
hexagonal symmetry can be emphasized; (iii) the authors were then able to 
propose a “life cycle” for the jet’s structures. 



Rajaee and Karlsson (1990) use the snapshot POD based on conditional 
phase averaged measurements in a plane mixing layer. This approach was 2D 
in the sense that they only consider a shce of the flow. Prom this study a low 
order model has been proposed for the plane mixing layer (Rajaee et al. 1994). 



Delville et al. (1990), Delville (1994), Delville (1995), Ukeiley (1995), Cordier 
(1996) apply the classical POD (3D approach) to a plane turbulent mixing 
layer. Prom these studies low order d 5 mamical systems are developed. Se- 
lected results of this study will been presented later in this chapter. 



Cao (1993) uses experimental data measured by Guezennec and Gieseke 
(1991) to apply POD in the far wake of a cylinder. Retrieving the typical 
wake organization, the author can derive a low-dimensional dynamical sys- 
tem based on the flrst mode of the POD. 



POD in Transitional Flows: To study the transition to turbulence on a ro- 
tating flat disk, Aubry et al. (1994) apphed biorthogonal decomposition tech- 
niques to experimental data from one-point measurements. The evolution of 
the system’s global entropy with the Reynolds number is studied. As the 
Re 3 molds number increases, the entropy increases, revealing that the distri- 
bution of the energy tends to become more uniform between the different 
modes. The same typical results were obtained by Rempfer and Fasel (1991), 
Rempfer and Fasel (1994a) in the study of the transition over a flat plate. 
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3.8 Some Typical Results: 

Application to the Plane Mixing Layer. 

We present here selected results which illustrate the application of the POD 
to a plane mixing layer experiment, where the apphed decomposition is of 
increased complexity. The POD corresponds to the resolution of eigenvalue 
problems of the following type: 



(29) 

where Uc is the number of components used for this POD. In the above 
equation, x'\ k) is the cross-spectrum of UiUj and corresponds to the 

Fourier transform of the space time correlation Rij(X,X') in the “homo- 
geneous” directions. According to the value of ric and the number of flow 
directions used in the POD resolution, different levels of decomposition can 
be defined, taken into account progressively the complexity of the flow orga- 
nization. 




Experiments which will be used as a guideline throughout this analysis were 
performed in the asymptotic region of a plane turbulent incompressible mix- 
ing layer (Fig. 1). These experiments were undertaken by using rakes of hot 
X-wires (up to 24 X-wires probes are simultaneously used) and simultaneous 
sampling. The advantages of using this measurement technique are twofold: 
space-time correlations can be calculated very easily (the number of mea- 
surement configurations is greatly reduced) - this provides a means to access 
the projection coefficients of POD (see (37)). A complete description of the 
experimental apparatus can be found in (Delville 1995). 

Pure Spatial POD: nc = 1 , ic = y, (here k is not taken into account). 

For sake of simplicity, a one-dimensional decomposition is first considered, 
where only the u component and the inhomogeneous direction y are taken 
into account. 



j R{y,y')<t>'':\y')dv' (so) 

where and are the eigenvector and eigenvalue and R[y, y') is 
the two-point correlation. 

For this decomposition, eigenvalues are real scalars. The first mode of the 
POD is found to account for about 37% of the turbulent energy and 63% 
is contained in the first three modes. The POD is typically seen as a gen- 
eralization of harmonic analysis for the inhomogeneous directions, which is 
consistent with the fact that the POD eigenfunctions behave in the same 




4 Large-Scale-Structure Identification and Control 227 





Fig. 1. Experimental configuration for the mixing layer experiment 

manner as Fourier modes (Moin and Moser 1989), (Chambers et al. 1988), 
namely, the number of zero-crossings increases with the order of the eigen- 
function. This feature is illustrated in Fig. 2 where the first 4 eigenfunctions 
obtained from a scalar POD based on the u component of the velocity are 
plotted. 

We win now consider more complex decompositions, where the number of 
velocity components and/or the number of of spatial directions are increased. 

POD in Space-Frequency Domain (PODuv)- nc = 2,a; = y,fe = /. 

In this POD, where the temporal dependence (via the firequency) and two 
components of velocity are considered, the eigenvalues are functions of fre- 
quency. By integrating these eigenvalues with respect to frequency, their rel- 
ative contribution to the turbulent energy can be examined. The first mode 
is found to contain 44% of the energy while the first three modes contain 
about 71% of this energy. From Fig. 3, where the evolution with frequency of 
the first three eigenvalues obtained by this vectorial POD^u are plotted, one 
can note the rapid convergence of the eigenvalues A^”^(/), in accordance with 
the POD theorem. For each value of the frequency, the first mode dominates 
fully the higher modes. 

The relative value of the eigenvalues expresses the level of organization 
of the flow for the mode and frequency considered. Hence, the amplitude of 
the eigenvalues increases with the importance of the associated organization. 
In the case of the POD«„, the first mode is maximum for fmax^colUc = 0.3, 
which is the typical Strouhal number found for the passage of structures 



228 Joel Delville, Laurent Cordier and Jean-Paul Bonnet 




Fig. 2. Shape of the first four eigenvectors of the POD based on n in the plane 
mixing layer. 



(from spectral analysis at the edge of the mixing layer). Hence, it seems 
that the first POD mode is able to capture a major feature of the flow: its 
spatio-temporal organization. 

In this POD, eigenvectors are complex functions of y and /. Their moduli 
are plotted in Fig. 4. In this plot, the modulus is weighted by the square root 
of the corresponding eigenvalue, to take into account the statistic importance 
of the mode for the frequency domain considered. One can note the presence 
of two local maxima at |y|/J^ ~ 0.5 for which can be interpreted as the 
footprint of the large-scale structure at the edge of the mixing layer. 



PODzd'- nc = 3 , £c = y , fe = (/, k^). 

In this more complex vectorial POD apphcation, referred to in the follow- 
ing as P 0 D 3 £>, the spanwise direction 2 : and the temporal direction are as- 
sumed to be respectively homogeneous and stationary on average. Hence the 
eigenfunctions used in these directions are Fourier modes. The cross-stream 
direction y, which is strongly inhomogeneous, is examined with the POD. 
The integral PVedholm equation that must be solved for this application of 
the POD is then: 







i — 1, . . . , Tij. 



( 31 ) 





Fig. 3. First 3 eigenvalues. Vectorial POD based on uv. (here S is the turbulent 
energy contained in the whole domain.) 




Fig. 4. Shape of the first eigenvector in the frequency domain. Vectorial POD based 
on uv. Plotted: \/A(P(/) •_ /)||. a) u component; b) v component. 

{y+— and /+= f5ujlUc) 
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where IIij{y^y'] f,kz) is the cross-spectral tensor which is defined as the 
Fourier transform of Rij. 



• Eigenvalues In this POD eigenvalues are real functions that depend on 
jfrequency and spanwise wavenumbers. When integrated over wavenumbers 
and frequency the contribution of the first mode to energy is 49% and the 
contribution of the first three modes is 75%. When comparing the 3 PODs 
described here, it is remarkable that the amount of energy captured by the 
first modes increases with the number of degrees of freedom of the flow which 
are taken into account. 

The shape of the eigenvalue spectra (/, kz) for the first mode is shown 
in Fig. 5(a). For this mode, two maxima are discernible: a very well defined 
maximum located at / 5^/Uc 0.3 and another less pronounced one for 

= 0.5. These two maxima correspond to the dominant lengthscales 
present in the core of the mixing layer (Delville 1995) and are the footprint 
of the two main types of organization present withia the mixing layer (quasi 
2D large-scale structure and longitudinal vortices). Thus the POD is able to 
capture the main features of the flow. The rapid convergence of POD can 
be illustrated by analyzing Fig. 5(b). This figure (where the vertical scale 
is expanded by a factor of 5) presents the eigenvalue spectra of the second 
mode. The good representation of the first mode is also made evident when 
comparmg the eigenvalue for this mode (Fig. 5(a)) to the summation of aU 
the modes of the POD plotted in Fig. 5(c). 

• Turbulent Kinetic Energy Reconstruction: k = (/, kz) 

For each value of y in the inhomogeneous direction, the local contribution of 
the different POD modes to the Reynolds stresses can be retrieved from the 
integral in the two homogeneous directions of the spectral tensor: 

/ +00 r+oo 

/ ^ij{yJ,kz)dfdkz (32) 

-oo J — oo 

In the same manner, we can determine the contribution of POD mode number 
(n) with the relation: 

, \ ^H-oo p-\~oo 

(y) = / / f: kz) df dkz (33) 

J — OO J —CO 

where is rebuilt from the eigenvalues and eigenfunctions of the POD: 

{y; f:kz) = (/, kz)^i"^ iy, /, kz)^f^^ [y] /, kz) (34) 

The Reynolds stresses reconstructed from the first POD modes (POD 31 }) 
are compared, in Fig. 6, to those directly measured. For each y location in 
the inhomogeneous direction, the same trend is noted for the evolution of 
eigenvalues (see Fig. 5): the first mode is more energetic than the others, etc. 
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Fig. 5. Evolution of eigenvalues X^'^\f,kz). (POD 3 d). a) mode 1; b) mode 2; c) 

fS 

cumulative contribution of all modes. /+= k+= kz5u,. 
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This result shows that the global rapid convergence of POD, which can 

be found from the eigenvalues, is also a local characteristic. Even if the POD 
is the best decomposition in terms of turbulent energy (i.e. for the trace of 
the Rejmolds stress tensor) it is remarkable to see how well predicted the 
Reynolds stress component u'v' is. This behavior seems to be a universal 
characteristic of this decomposition and has already been mentioned by sev- 
eral authors (e.g. Morn and Moser (1989)). 



Instantaneous Signal Reconstruction: In the framework of a feedback control 
of large-scale structures, it is necessary to obtain a real time description of 
the instantaneous flow field, at least in terms of large-scale structure. In the 
context of POD and dynamical systems, this questions the ability of POD to 
reconstruct instantaneous signals or velocity fields. 

The phase indetermination of POD that was recalled on page 223 suggests 
that this may be impossible due to the use of two-point correlations. However 
if rakes of probes are used, this could become possible. The use of rakes 
of sensors allows one to access the instantaneous contribution of any given 
mode to the velocity field. For any type of POD used, the way to retrieve 
this contribution is to calculate first the projection coefficient on the POD 
basis (e.g. (12)) and then to construct the contribution of this mode to the 
velocity field (e.g. (11)). For example, in the case of POD-^^, this can be done 
by computing as follows: 

4 ”^ iv’ ^ ~ 

or, in the Fourier space: 

(y, /) = (y » /) (36) 

where 

(Z) = S (y, Z) dy (37) 

d-D 

Figure 7 shows an example of the contribution of the first POD modes to 
the velocity signal measured on the mixin g layer axis when Uc = 1. Clearly 
the first mode is able to predict the behavior of the large scale evolution of the 
signal. When using three modes, the reconstruction is found to be very similar 
to the measured signal. An example of the reconstruction obtained when ric=2 
can be found in Fig. 10(a), where the same conclusion can be derived, when 
compared to the directly measured velocity plotted in Fig. 8(a). 
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u = lOm/s 




Fig. 7. Contribution of the first modes of the POD (ric = 1) to the instantaneous 
velocity on the nuxing layer axis: a) mode; b) 2^^ mode; c) mode; d) 

summation over the first three modes; e) measured velocity. 



Some Remarks Related to the Use of POD Based Dynamical System Ap- 
proach. The above examples show several features that are favorable to the 
dynamical systems approach, based on the POD modes. Here, we limit our 
attention to the first mode. In terms of turbulence, this mode contains about 
50% of the turbulent energy, and thus seems able to give a good approxi- 
mation for the convective terms (function of fc). It is also representative of 
the productive terms (function of u'v'). In terms of flow organization, this 
mode contains most of the significant dominant scales of the flow. On the 
other hand, using the first modes of the POD, it is possible to reconstruct 
the instantaneous features of the large-scale structure. 

However it should be noted that the best energy representation is obtained 
when the number of degrees of freedom is increased. More precisely, one 
can ask about conclusions that can be derived from a “degenerated” POD 
apphcation. POD based on only one component of velocity is such a case. 



3.9 LSE and Complementary Technique. 

One important aspect in terms of flow control is to be able to access the 
coefficients a(t) of the POD. We have seen that in order to be able to estimate 
the a(t), it is necessary to know the velocity over the whole flow extent in such 
a way that (11) can be used. For practical considerations, this can be done 
only by performing flow simulations or very detailed laboratory experiments. 
For industrial apphcations, the number of sensors obviously has to be reduced. 
We present here a method by which this reduction can be achieved. 
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This method uses Linear Stochastic Estimation (LSE) as introduced by- 
Adrian (1975). We will then focus on a complementary technique which em- 
ploys the LSE method to estimate the a{t) from a very reduced experimental 
configuration. 



Linear Stochastic Estimation: Adrian (1975) studied conditional flow 
structures in isotropic turbulence by computing estimates of the velocity 
u{y -t- r, t) given that the velocity at (t/, t) assumes some specified value 
u{y,t). It was found that this simple flow, when sampled in a statistical 
sense, demonstrates the existence of organized structures. Tung and Adrian 
(1980) studied the influence of the second, third and fourth order terms on 
the estimate. Their results indicated that the contribution from higher order 
terms to the overall estimate was insignificant, hence the use of the linear 
stochastic estimate can be justified in the present study. 

A one-dimensional (in y) linear stochastic estimation yields an estimate 



^i{y',t) = Aij{y')uj{y,t) 



(38) 



with Aik computed from 



Uj{y)uk{y)Aik{y') =Uj{y)ui{y') (39) 

where Uj{y)uk{y) and Uj{y)ui{y') are the Reynolds stress and two-point cor- 
relation tensors, respectively. It should be noted that for these systems of 
equations, only the two-point space (in y) correlation data is utilized. These 
systems are not a function of the condition being investigated. This estima- 
tion may be easily extended to several dimensions. For further discussion on 
the Stochastic Estimation theory see (Adrian and Moin 1988), (Cole et al. 
1992) and (Guezennec 1989). For further details and discussion on the LSE 
theory, the reader can refer to Adrian (1996). 

Stochastic estimation uses the conditional information specified about the 
flow at one or more locations in conjunction with its statistical properties (the 
two-point correlation tensor) to estimate the information at the remaining lo- 
cations. Here the thrust will be to utilize the instantaneous velocity at select 
y locations in the flow to estimate the instantaneous velocity for all y loca- 
tions. A simple test has been performed for the mixing layer data. Here the 
instantaneous velocity is available at all y locations (where there are probes). 
In many other experiments, this is not the case due to a lack of a sufficient 
number of channels of hot-wire anemometry data acquisition and A/D con- 
version. Hence, it is advantageous to use the rake data base since it allows 
us to check the vahdity of the approach by comparison between estimated 
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and measured time series. Note that a minimum of two probes and associ- 
ated hardware are necessary to apply the following ideas to any experiment 
because of the need for the two-point statistics. 

We estimate the velocity components across the mixing layer from the ex- 
pansion of (38) using the actual velocity components at select positions in 
y. Here, it is not the intent to present a detailed discussion on what number 
of probes or their respective positions are the most appropriate to obtain 
the best estimate of the velocity field. These issues are discussed in (Delville 
et al. 1993) for the present mixing layer and in (Cole et al. 1992) for a jet 
mixing layer. 

Figure 8(a) presents the vector plot of the measured velocity field. Fig- 
ures 8(b) through (d) show various linear stochastic estimates of the vector 
field where the condition points are indicated by the arrows. Figxne 8(b) 
presents a one-point estimate, whereas Figs. 8(c) and (d) present two-point 
estimates. For the two-point cases, the probes which supply the condition 
are equally spaced on either side of the centerline. Comparison of Figs. 8(b) 
through (d) with Fig. 8(a) indicates the quality of each respective estimate. 
It is clear that the estimate shown in Fig. 8(d) provides the best comparison. 
Note, in particular, that both the amphtude and phase of the velocity vector 
field are reasonably preserved with this estimate. 

Three-Dimensional Estimation. This method can be easily extended to a 
three-dimensional estimation of the flow field. Such an estimation is given 
in Fig. 9. In tins case, the information obtained from only five probes of the 
same rake have been used in order to estimate the fuU vorticity field surround- 
ing the rake (12 = (o;^ -f )®'®) at a given time. To accomplish this, it 

was necessary to measure the full two-point correlation tensor for the span- 
wise and plate-normal directions. The third direction (streamwise) is dealt 
with by using Taylor’s hypothesis. Note that signals containing information 
from only two components of velocity can be used to generate (through the 
intercomponent correlations) information about the third one through LSE. 



Complementary Technique. The estimated time series shown in Fig. 8(d) 
will be used in conjunction with the POD to implement the complementary 
technique. This complementary technique consists of three main steps. First, 
the eigenvectors and eigenvalues are obtained from direct apphcation of the 
POD to a two-point spectral tensor as discussed in Sect. 3. Second, the LSE is 
applied to the cross correlation tensor, and multi-point estimates of the ran- 
dom vector field are computed as presented above for the mixing layer. Third, 
the eigenvectors obtained from step one are projected onto the estimated ve- 
locity field obtained from step two to obtain estimated random coefficients. 
These estimated random coefficients are then used in conjunction with the 





Fig. 9. Example of three-dimensional Linear Stochastic Estimation. Isosurface of 
the modulus of vorticity 1?. From Vincendeau (1995). 
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POD eigenvectors to reconstruct the estimated random velocity field. 

Mathematically the stochastic estimates of the random coefficient are calcu- 
lated from: 



‘(/) = / ‘(3/, /)#’*(y. f)dy (40) 

where in this case f) is the two-point linear stochastic estimate of the 

velocity field and is obtained from the original POD eigenvalue 

problem. The estimated streamwise velocity can be reproduced in Fourier 
space by 



OO 

(41) 

n=l 

and then inversely transformed to obtain uf^^(y, t). For further details on this 
technique refer to Bonnet et al. (1994), Glauser et al. (1993) and Ukeiley et 
al. (1993). 

Figure 10(a) shows the contribution from the first POD mode using the mea- 
sured instantaneous velocity field, Fig. 8(a), in the projection as presented 
in the previous section. The first POD mode retains most of the large scale 
features exhibited in the original field. The application of the complemen- 
tary technique is shown in Fig. 10(b). Here the eigenvectors, obtained from 
direct apphcation of the POD, are projected onto the estimated field using 
the estimated data presented in Fig. 8(d). Reasonable estimates of the large 
scale structme are obtained, even though only 17% of the measured instan- 
taneous data has been used. In fact, one sees that Fig. 10(b) compares quite 
well to Fig. 10(a), which was computed using the full measured instanta- 
neous velocity field. 

In order to quantitatively assess the technique, the streamwise root mean 
squared (RMS) velocities are computed from the estimated and original ve- 
locity fields and comparisons are made, see Fig. 11. The percentage of the 
streamwise RMS velocity captured using the complementary technique is very 
close to that obtained from the direct apphcation of the POD for the first 
mode. These results show that the complementary technique, which com- 
bines LSE and POD, allows one to obtain time dependent information from 
the POD while greatly reducing the amount of instantaneous data required. 
Hence, it may not be necessary to measure the instantaneous velocity field at 
all points in space simultaneously to obtain the phase of the structures, but 
only at a few select spatial positions. 



A recent — and ihustrative — ^use of this complementary method has been 
developed at the IMFT in Toulouse. Prom the work of Faghani (1996), the 
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Fig. 10. Complementary technique, (a) first POD mode fi-om full measurement 
field; (b) reconstructed using the stochastically estimated field. For original velocity 
field refer to Fig. 8(a). 

u'lAU 




Fig. 11. Comparisons of RMS value of the u component 



objective was to provide a POD analysis of a plane turbulent jet. Providing 
that only two probes were available, the author first used an artificially ex- 
cited flow from which he was able to compute a phase locked average. Simple 
use of “instantaneous” reconstruction by POD is then possible. In addition, 
through LSE, the author was able to estimate the time histories from two 
available ( “conditional” after Adrian) signals. The comparison between the 
direct POD and the complementary approach was quite successful, similar 
to the comparison between rakes of hot wires and complementary techniques 
which has been demonstrated. As a second step, Faghani used directly the 
complementary method in the case of a natural (unforced) plane turbulent 
jet. In this case no other vahdation is available but the comparison with 
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the excited case provides enough confidence in this approach. Based on our 
knowledge, this example represents the first use of the complementary method 
where no alternative to the instantaneous POD analysis exists. 

4 Flow Control by POD based Dynamical Systems 

4.1 Deterministic Approach of Turbulence 

Low Order Dynamical System. Lorenz (1963) was the first who ex- 
pressed the links between dynamical system and turbulence. His first ob- 
jective was to elaborate a crude description of the earths atmosphere, that 
can be simulated on the small computers available at this time. As a first 
attempt, he proposed to model two-dimensional Rayleigh Benard convection 
by a set of three ODE. These equations were obtained by a severe truncation 
of the Galerkin projection of the Boussinesq equations onto Fourier modes. 
For typical values of the control parameter, he demonstrated that this system 
can behave chaoticly. 

Later, Ruelle and Takens (1971) conjecture for Navier-Stokes equations, 
defined on a bounded domain and under certain conditions, the existence of 
a mathematical object they called a strange attractor. They suspect that, 
for this system, a chaotic regime can be reached through a limited, finite, 
number of successive bifurcations. This h 3 rpothesis was contradictory with 
the scenario proposed by Landau (1944) or Hopf (1948). For these authors, 
turbulence corresponds to an infinite number of bifurcations, i.e. an infinite 
number of modes is necessary for a correct description. In constrast, the ap- 
proach introduced by the work of Ruelle and Takens is then very attractive: 
describe a problem of probably infinite dimension whose solutions are ran- 
dom, with a deterministic model of low dimension. This reduction to a small 
number of interacting modes can find a physical justification in the sense that 
turbulence is a dissipative process. 

Clearly, such an approach is of immediate interest for flow control. Indeed, 
if a limited set of ODE is suflS^cient to describe turbulent flows, the two 
objectives described above (see p. 204) can be fulfilled. It should be easier 
to test flow control strategies, and the short term prediction of the relevant 
dynamics of the flow can be computed in real time. 



Limitations of Low Order Dynamical System Modelisation. The 
main question arising is to evaluate up to which level a fully turbulent flow 
can be described by a low order system. It should be recalled that, for the 
present approach of flow control, only the large-scale structure behavior is 
needed. In the case of confined flow - i.e. for systems strongly constrained 
by walls (Rayleigh Benard convection, Taylor-Couette flow, . . . ) important 
progress has been obtained with this kind of model. For these flows, the 
initial instabfiity and the transition to turbulence have been described by 
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several scenarios (see: Le chaos, theorie et experiences 1988, Swinney 1983). 
Nevertheless, for these kinds of confined flows only a limited amount of modes 
can interact ; mainly temporal chaos appears and the spatial organization 
remains relatively strong (see (Manneville 1991) for example). 

However, when the degree of confinement decreases, the spatial disor- 
der develops rapidly. An important number of temporal and spatial scales 
then interact. The standard approach of Dynamical Systems based only on 
a temporal evolution can then become useless for a correct description of 
turbulence. It follows that it may become intricate to relate Navier-Stokes 
equations to a low order system. But even when this is performed, the results, 
obtained from the low order system (e.g. existence of a strange attractor), 
may be difficultly extrapolated to the “real” configuration. As a consequence, 
a low order d 3 mamical system modelisation of any given flow configuration 
cannot be guaranteed. 



Low Order Models and Coherent Structures. Hussain (1986) argued 
about the role of large-scale structure or coherent structures in turbulence 
modeling: While turbulent flows (or for that matter, all flows) have infinite 
degrees of freedom, the motion of coherent structures, being large scale and or- 
ganized, is likely to be low-dimensionaV' The existence of coherent structures 
within the fully turbulent flow is one of the elements that allows a model, 
based on a low order dynamical system, to lead to an efficient description. 
This is particularly true when large-scale structures are used to control is the 
flow. 

It has been shown that the POD is a very powerful tool associated with 
the concept of large-scale structure. Then, it seems natural to make use of 
the corresponding eigenfunctions to build a dynamical system. In this case, 
the dynamical system will be based on the optimal — ^in an energetic sense — 
decomposition, with specific, flow dependent eigenfunctions. The following 
section will recall some fundamental points for the development of a dynam- 
ical system. 



4.2 Development of POD Based Dynamical System 

General Method. This part presents only the general method used to 
derive a low-order dynamical model of the flow under investigation, by use of a 
POD basis. The possibilities and limitations of this approach are investigated 
in detail by (Rempfer 1996). 

If u{x,t) is a set of flow realizations,^® Navier-Stokes equations for in- 
compressible flows can be written symbolically as: 



Notations u and x are respectively the velocity vectors and the position within 
the flow. 
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= F(u) avec u = u(x, t) x eV and t>0 (42) 

at 

where F is a, differential operator that contains only spatial derivatives and 
where V is the spatial domain under study. The problem is mathematically 
well defined with: 

— boundary conditions'^ 

B (u{x)) — h(x, t) with t > 0, £c G dT> (43) 

— and initial conditions 

u(x,0) — uq(x) (44) 

In order to transform the PDE (42) in a set of ODE, the development on 
the POD basis is introduced: 



N^pod 

Ui{x,t) ^ (45) 

m=l 

where Npoo is number of modes used in the POD. The following equation 

is then obtained: 

E” w = ^-^E (46) 

m=l m=l 

The set of spatial eigenfunctions being a basis, the RHS of (46) 

can be written as: 



NpoD 






m=l 



Taking into account the orthogonahty of the eigenfunctions (x) one 
obtains: 

( N^pop \ 

^(n),j.( (48) 

m=l ^ 

Finally, the Galerkin projection of (42) onto the POD eigenfunctions, has 
to be evaluated: 



(#<"), F(u)) forn = 1 , . . . , Ngai 

where Ngai is the number of Galerkin modes kept in the projection. 
The set of PDE (42) can now be expressed as: 



( 49 ) 



11 



The notation dT> represents the boundary of the domain T>. 
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(^) r • • , {t)) with n = 1, • ■ • , Ngai (50) 

The functions defined by (48) are linear, if F is a linear operator. 
In the case of Navier-Stokes equations, because of the convective terms, 
are quadratic functions of . 

In order to obtain a well posed mathematical problem, one needs to add 
a set of initial conditions to (50). These conditions can be directly inferred 
from the conditions (44) imposed by the original problem: 

a(”)(t = 0) = with = {uq{x), ^^”)) (51) 

Boundary conditions. When comparing the initial problem described by 
(42) to (44) with the problem obtained after the Galerkin projection (50 and 
51), it can be seen that these two problems are not equivalent. An equation 
is missing in the second formulation. This imposes to prescribe additional 
boundary conditions. 

Before describing practical cases, a preliminary remark should be empha- 
sized. Am important property of the spatial eigenfunctions is that because 
they can be expressed in terms of flow realizations: 

Npo p 

(®) = XI tk) n = 1, . . . , NpoD (52) 

fe=i 

these eigenfunctions possess the same properties as the flow field Ui{x,t) 
itself. Particularly, the continuity equation will be verified individually by 
each POD eigenfunction, therefore for incompressible flows, div = 0. 
In the same way, this consideration allows one to consider two cases where 
boundary conditions play a different role: 

— if the boundary conditions (43) are homogeneous and linear then the 
POD eigenfunctions implicitely verify the same conditions and it is not 
necessary to add another equation. 

— If this is not the case, special care is needed. This case can be found for 
example in: 

• the study of transition over a flat plate (Rempfer and Fasel 1994a), 
(Rempfer and Fasel 1994b), (Rempfer 1996), 

• the study of near waU region in a turbulent boundary layer (Aubry 
et al. 1988). 

In the case where the boundary conditions are inhomogeneous, but known, 
they can be taken into account by adding complementary equations in a way 
similar to the method of Galerkm-Tau (Fletcher 1984). 
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Examples of Applications. In this section, we present a non exhaustive 
list of studies in which empirical eigenfunctions were used to construct low- 
dimensional models and some attempt was made to analyse their dynamical 
behavior. We especially provide a brief survey of apphcations related to flow 
control. We have selected two classes of tjrpical flows: wall flows and open flows 
systems. A more complete and detailed review can be found in (Berkooz et 
al. 1993) and (Holmes et al. 1996). 

Wall flows models: To this date, the best studied low-dimensional model 
is that developed for the wall region of a turbulent boundary layer. Mainly, 
two different groups work on this subject: L um l ey’s group (Berkooz, Holmes, 
Liimley: Cornell University; Aubry, Sanghi: B. Levich Institute; Stone: Ari- 
zona State University) and Sirovich’s group (Sirovich, Zhou, Handler, Levich: 
Brown University). These approaches are based on the pioneering work of 
Aubry et al. (1988) who used the experimentally determined eigenfunctions 
of Herzog (1986) to develop a low-order dimensional system based on POD 
modelling of the near wall region of a turbulent boundary layer. This origi- 
nal model included five (complex) spanwise Fourier modes, a single {kx = 0) 
streamwise mode, and a single family of eigenfunctions in the wall normal 
direction. Aubry et al. found that their model exhibit an heteroclinic cycle 
which persists over a range of control parameter and with different trunca- 
tions. These authors argued that this dynamical characteristic can be associ- 
ated to the bursting behavior of a turbulent boundary layer. Unfortunately, 
when no pressure field in the boundary layer is suppfled, the time duration 
between bursts grows without bound. When they introduced a more real- 
istic boundary by including a term representative of the pressure field, the 
interburst duration equilibriates rapidly. In conclusion, the most significant 
finding of this work is that the bursting phenomenon appears to be produced 
autonomously by the wall region, but also to be triggered by pressure sig- 
nals from the boundary layer. In this description, the analysis required an 
inhomogeneous pressure term to be supphed from outside the theory. 

In a parallel work, Zhou and Sirovich (1992) resume the study of the co- 
herent structures dynamics in the wall region of a turbulent channel flow. 
Using the numerical database of Kim et al. (1987), they developed a method 
for the construction of wall eigenfunctions with full channel vahdity. The im- 
portant consequence of this formulation is that a well posed mathematical 
problem is developed, in particular, no exterior pressure term is required. The 
resulting model equations exhibit the same quafitative behavior as the model 
of Aubry et al. (1988). However, in this model, the bursting and ejection 
events are no longer explained by the triggering mechanism of the pressure 
fluctuations but rather by the existence of propagating modes (or waves). 

These different explanations for the same physical phenomenon have been 
discussed extensively by the two groups in (Berkooz et al. 1994) and (Sirovich 
and Zhou 1994). 
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Flow control applications for wall flows: Bloch and Marsden (1989) showed 
that for a certain class of nonlinear control system possessing homoclinic or- 
bits, a control can be found such that the system exhibits arbitrarily long 
periods in a neighborhood of the homoclinic point. These authors tried to 
apply these ideas to the finite-dimensional model of the bursting phenomena 
developped by Aubry et al. (1988). Unfortunately, they obtained that in gen- 
eral one may not have sufficient control energy to overwhelm the heteroclinic 
structure and change the flow dynamics. 

Later, in an attempt to model drag reduction on the near wall-region 
(by polymer addition, for example), Aubry et al. (1990) rescaled the eigen- 
functions determined by Aubry et al. (1988). The main result of this study 
is that the qualitative behavior of the new dynamical system obtained af- 
ter stretching the eigenfunctions was similar to that in the unmodified layer. 
The authors argued that their model equations retain much of their phys- 
ically significant behavior under transformations resulting from stretching 
the flow. Afterwards, Berkooz (1992) proposed a control strategy based on 
boundary deformation for increasing the mean passage time between bursts 
in the heteroclinic attractor model proposed by Aubry et al. (1988), 

The discovery of propagating modes in turbulent channel flow made pre- 
viously by Zhou and Sirovich (1992), motivated the investigation by Handler 
et al. (1993) and Levich and Malomed (1993) of the effect of phase ran- 
domization of selected Fourier modes. These authors determined that such 
mechanism of phase randomization gives rise to a fuUy sustained drag re- 
duction of about the same magnitude as found when smaU concentrations of 
long-chained polymers are introduced into the flow. 

The study of Berkooz (1992) have been later extent by Coller et al. (1994a) 
and Coller et al. (1994b) in examining the effect on a naturally occuring 
streamwise vortex pair of a perturbing pair produced by an actuator. In par- 
ticular, Coller et al. introduced a control strategy that reduces the bursting 
rate and hence the turbulent drag in the model equation. Recently, Carlson 
and Lumley (1996) investigate numerically in a minimal flow unit, the effect 
of an actuator, Gaussian in shape, on drag reduction. The test flow contained 
just one pair of coherent structures in the near wall region: a high and a low 
speed streak. They found that when the actuator is raised underneath a low- 
speed streak, an increase in drag is obtained and when the actuator is raised 
underneath a high-speed streak a reduction is obtained. 

Work on open fluid flows: A dynamical model for the jet-annular mixing 
layer was constructed along the lines of the model of Aubry et al. (1988) for 
the waU layer by Glauser and coworkers ((Ukefley et al. 1993) and (Zheng 
1991)). In their dynamical systems simulations, cascade phenomena were ob- 
served where streamwise wavenumbers act as trigger modes to excite vari- 
ous helical modes, in particular azimuthal modes 4, 5 and 6. These results 
were then apphed by Corke et al. (1994) to control the experimental setup 
of Corke and Kusek (1993). The higher helical modes were excited through 
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the experimental closed-loop feedback control scheme. Similar effects as in 
the dynamical systems simulations, such as mode competition and switching 
have been observed. 

Another dynamical system of the mixing layer based on an experimental 
procedure can be found in (Rajaee et al. 1994). In this case, a snapshot 
POD is performed based on conditional measurements of an acoustically 
excited developing flow. Using the POD eigenfunctions, a low-order system of 
dynamical equations was constructed. The authors compared instantaneous 
modal coefficients with projections of experimental data for a sixteen mode 
problem. They obtained that the flrst two POD modes display remarlmbly 
good trackmg of the experimental time evolution, while higher modes were 
less accurate, although their general level remains correct. 

Some other results obtained by Cordier (1996) or Ukeiley in the case of a 
subsonic plane mixing layer, based on the eigenfunctions derived by Delvflle 
will be illustrated in section 4.5. 

For practical flow predictions, the pressure should be iucluded in the 
Navier-Stokes equations. This essential pomt induces some new difficulties 
that are adressed in the next section. 



4.3 Navier-Stokes Equation: Pressure- Velocity Formulation 

When the pressure term are taken into account, the Navier-Stokes equation 
can be written as: 



du ■ — ■■ _ _ 2 . 

-- — |- grad u.u = —grad P -f- —^u 
ot Re 



(53) 



As seen before, POD eigenfunctions automatically verify the continuity 
equation. Thus no further equation is needed to satisfy continuity. 



Using the POD basis given iu (45), the Galerldn projection (49) leads to 
the equation for the a’s: 

^ = -{$(^\grad P) + 



m,k 

for 1 <n,m,k < Ngai- 

In this equation, the pressure term, P, is unknown. Unfortunately, it cannot 
be e 2 q)ressed jdirectly in terms of the projection coefficients a^”^^(t), and of 
the eigenfunctions of POD. 
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In a similar way to the derivation of Poisson equation in conventional 
approaches, it is possible to take benefit of the fact that the divergence of the 
eigenfunctions is zero. Then, the divergence theorem allows the term of 
(54), in which the pressure P appears, to be rewritten as an integral over the 
domain boundary dV : 

{$^'^\gradP)= [ P^^^Kn dS (55) 

JdV 

In this equation, n is the external normal to dV. The pressure term in (54) 
can then be evaluated under the condition that pressure is known on the 
domain boundary. 

There then exist a number of flow configurations where this term exactly 
vanishes. The form of (55) clearly shows that this will occur when the ve- 
locity component is normal to the domain (no shp conditions). This will be 
true also when the boundary conditions are periodic. In this last case the 
contributions of the periodic parts of the boundary dV cancel each other. 
Zhou and Sirovich (1992) use this property in their study of a channel flow 
by numerical simulation. 

In the study of Aubry et al. (1988) the domain is limited to the near 
wall region of a turbulent boundary layer. The modelisation of the non zero 
pressure term then becomes necessary. For that purpose, Aubry et al. uti- 
lized numerical data coming from an LES of a channel flow by Moin (1984). 
Knowing pressure fluctuations at the upper boundary of the domain they 
could determine exactly the term (55). 

In the study of the transition over a flat plate performed by Rempfer 
(1996) , the upstream and downstream conditions of the domain V on which 
the POD is applied cannot be considered as periodic. This author, in order 
to avoid the difficulties in taking into account of the pressure term, uses 
another formulation based on vorticity. We describe, in the next section, this 
alternative approach. 



4.4 Vorticity Transport Equation 
The vorticity transport equation can be writen: 



d(jj - == 2 

-- — h grad u.u — grad u.lj — — Alo 
at Re 



(56) 



where the vorticity lj is defined as the rotational of the velocity vector u : 
(jj = rot u. 



In order to be able to perform a Galerkin projection of (56), flow realiza- 
tions u{x,t) and La{x,t) both have to be expressed on a basis for which the 
temporal dependancy is carried by the same projection coefficients a^”^(t). 
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After applying POD to the set of flow realizations u, and after (45), new 
sets of eigenfunctions can be defined as: 

= rot (57) 

This new ensemble of eigenfunctions are the eigenfunctions of the vorticity 
LJ. This can be demonstrated by writing: 



NpOD NpOD NpoD 

Y, = X! =rot(Y^ o<"> «<">)= w 

n=l n=l n=l 

(58) 

Hence, the set of eigenfunctions represent at the same time veloc- 
ity and vorticity fields (via the definition 57 of The only practical 

limitation is that one has to check, for every new apphcation, that the eigen- 
functions are linearly independant. 



4.5 The Plane Mixing Layer 

We have defined all ingredients necessary to develop a POD based Dynamical 
System. In the next sections,^^ we will illustrate a specific application of this 
approach to the case of a subsonic plane mixing layer. This flow configuration 
has been described in Sect. 3.8. This example is generic for free shear flows. 



Dynamical System Based on Experimental Data. From the experi- 
mental arrangement of the plane mixing layer, in an approach similar to the 
one of Aubry et al. (1988), a POD based djmamical system can be derived. 

POD: Two assumptions are necessary in order to be able to apply this 

approach. The m lying layer is considered as beiug two-dimensional in the 
mean sense: the spanwise (z or xs) direction is assumed homogenenous. The 
streamwise (x or Xi) direction is considered as being locally homogeneous. 
The POD is apphed only in the direction of the mean velocity gradient y (or 
X 2 ). In the two other directions, a Fourier transform is apphed. 



The eigenvalue problem that has to be solved is then: 




In the sequel, the foUowing notations wiU be used indifferently: coordinates x, y, z 
or xi,X2,X3 ; velocity components u,v,w or ui,U2,U3. 




4 Large-Scale-Structure Identification and Control 249 



The cross-spectrum IIij{x2, X2] kxi, kx^) is the Fourier transform in the two 
homogeneous directions Xi and xz of the two-point space correlations 
Rij{x2,x'2’,Sx,5z) = (u[{x2,xi = Xq,xs = 0)w' (a:^,Xo -f deltax, 5 z)^. Here, 

the averaging process involved is a classical time average. 

The set of eigenfunctions ^^^\x2‘, fcii, is complete in the sense that 
the flow fields of the given ensemble can be expanded in terms of the eigen- 
functions via: 



-|-oo 

Ui{x2]kx^,kx^,t) = (60) 

n~l 

where Ui{x2] kxj^ , kx^ , t) is the two dimensional Fourier transform of the fluc- 
tuation velocity (xi , 2:2 , 2:3 , t) . 



Governing Equations: Navier-Stokes equations in the form: 



duj 

dt 



dui 



1 dp 



+ Uj - — = — 7 ^ \-pS/ ui, i = l,2,3 



dxj 



pdxi 



(61) 



In a similar way as that followed by Aubry et al. (1988) and Zhou and Sirovich 
(1992), the homogeneity in directions x\ and X3 allows us to define, for each 
time t the ensemble average (•) as a spatial integration: 



(•) = j (•)dxidx3 (62) 

where L\ and L3 correspond to the size of V. Velocity and pressure fields can 
then be decomposed into mean and fluctuating fields: 



U{ — U{ U { 

and 

p = p + p' 



(63) 



After a few manipulations, the equation for the fluctuating and mean part 
are respectively: 



du'i , du'i 



dt 






du'i 



— W 



, dui 



du[ 



1 dp' _2 , 

-I--- = 0 

P 



^ dxj ^ ^ dxj dxj 



du'i , —dui du'i 1 dp 2— 

— + + u'j - — = — ^ Ui 

dt dXj dXj p oxi 



(64) 



(65) 



Adding classical mixing layer assumptions, like the thin-layer hypothesis 

0/ \ 

{u2 = = 0)5 homogeneity in the xz direction (-- — = 0), and using the 

0x3 
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continuity equation for the mean velocity, we obtain ui = ui{x 2 ,t). Finally, 
the Navier Stokes equations for the turbulent components reads; 



du'i 

dt 



-hu‘ 



, du'i du'i 

C/Xj 

1 dp' _2 , 

+-^ uV\i = Q 

p 



du', 

j n — ^ii '^ui~ — 

ox^ 0x2 OX\ 



,dui 
—( 
2 



( 66 ) 



Equations for the Dynamical System: As described in the previous section, 
the method consists of projecting the Fourier transform in xi and X3 of (66) 
onto the empirical basis set (POD) using a Galerkin method. This projection 
3delds a set of time dependent ODEs for the so-called random coefficients of 
the POD : ak^_^^ko:^(t). Three steps are then followed: 

1. The Fourier transform of (66) using: 



P p-\-oo 

Ui(kx,kz]y,t)= / dxdz (67) 

J J — OQ 

2. The introduction of POD decomposition (60). 

3. The apphcation of a Galerkin projection of the new equation obtained 
onto the eigenfunctions: 



(equation, {yfj for n = 1, • • • , Ngai (68) 

Note: that the dynamical system that is obtained is at least quadratic (due 
to the convective part of 64) and at worst cubic. 

Closure: One of the remaining points to be solved is that the mean field u 
appears in (66). This field is not known at this level providing the ODEs are 
established for the a’s, i.e. for the fluctuating part of the velocity field. The 
system is then open. For the system to be closed, an estimate of this field 
needs to be provided. This is in some sense, the equivalent to the closure 
problem of the Reynolds equation. However, in this case, the mean velocity 
field is the “new” additional unknown. The closure can be done expficitely, 
by using another transport equation for this quantity, or implicitely, by relat- 
ing the mean part to the fluctuating one. In terms of flow control the second 
solution seems better in the sense that we want a system of low order with a 
minimum number of equations. 

Depending on the assumptions made about the flow and of the flow configura- 
tions (wall bounded flows, free shear flows, etc. . . . ), several closure methods 
can be used: 
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the simplest one is to use a prescribed mean field independent of time. 
The dynamical system obtained is then quadratic and no feed-hack can 
be found between the fluctuating and mean flelds. Note that, in this 
case, the mean fleld can be directly the measured one or derived from 
the contribution of the POD modes which are retained for the Galerkin 
projection (e.g. by using an eddy viscosity model), 
for a mixing layer, an eddy viscosity model (Boussinesq 1877) could be 



thought to be well suited. The integration of u'v' = —I't w- gives: 

oy 



1 py 

u{y) = / u'v'{y') dy' + u(0) (69) 

Jq 

Unfortunately, it is clear that the two boundary conditions u{—L) = Ub 
and u{L) = Ua cannot be imposed at the same time, 
for the mixing layer configuration, Ukeiley (1995) uses a closure where a 
cutoff wavenumber is introduced. For wavenumbers less than this cutoff 
wavenumber, the velocity is considered as steady, while the feedback is 
driven by the highest wavenumbers. 

a specific closure has been used intensively in wall flow configurations 
(e.g. (Aubry et al. 1988) or (Zhou and Sirovich 1992)). However, with 
some success, a closure similar to this one has been used by Zheng (1991) 
for a jet flow configuration. This closure consists of using the average 
momentum equation, with the thin layer assumption, this equation can 
be written (Tennekes and Lumley 1972) as: 



du'v' d^u 


(70) 


dy dy"^ 


By integrating (70) twice, one obtains: 




1 py 

= - u'v'{y)dy + Ciy 4- C 2 


(71) 



J-L 



Note: that this kind of closure can certainly be used for near wall re- 
gions where viscosity dominates but less efficiently for a free shear flow 
configuration. 

— In a wake flow configuration, Cao (1993), uses for closure the additional 
equations: 



du du'v' 
du dv 



dy 



(72) 



dx^ dy 



This kind of assumption is justified by the far wake, low deficit charac- 
teristics. 



It is clear that the problem of closure is crucial for the behavior of the 
dynamical system. A lot of work needs still to be done in this field. 
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Truncation: A truncation is then necessary to include only Ngal (the first 
POD modes) and selected streamwise/spanwise modes. The order of the sys- 
tem that is obtained corresponds to the number of these POD and Fourier 
modes that are retained. 



Introduction of a Numerical Dissipation. In a turbulent flow, energy is dis- 
sipated by viscous effects appearing at high wavenumbers. The truncation 
suppresses this high wavenumbers contribution, as well as the one of the 
highest POD modes. An artificial dissipation needs then to be imposed in 
order to preserve this contribution. The order of magnitude of this artificial 
viscosity can be found from a generalization of the Heisenberg spectral model 
(Aubry et al. 1988). As a result, an artificial viscosity ai/ is added to u. In 
such approaches, a is the control parameter for the dynamical system. 



General Form of the Dynamical System: Finally, the dynamical system of 
(66) can be written for the a’s: 



dufc k 

A»a: 

dt 



(t) — [(1 + 






■b ^k'^,k'^,kx,kz ^kx,kz.i^) (^)i 

k'x,ki 

In this system, linear terms ^ correspond to the viscous terms of the 
Navier-Stokes equation, the linear terms depend on the boundary con- 

ditions used in the closure equation. Note that the cubic terms Ck>^^k'^,kx,kx 
are zero when a time independant closure is used for the mean velocity. 



Examples of Results. We present here a few selected results restricted to 
the plane mixing layer. The reader can refer to Holmes et al. (1996) for a 
more complete review of typical results. 

Most Amplified Mode. We first consider a very strong truncation: only the 
first POD mode is considered. The only wavenumbers that are kept in the 
truncature are {kx,kz = 0), so that the large scale (quasi two-dimensional) 
structures can be described. In a recent work, Cordier et al. (1997a) consider 
(66) where the viscous terms are imposed to be zero (i.e. a = — 1). Thus ob- 
taining an inviscid configuration. A stabihty analysis of the dynamical system 
is then derived. It is possible to compare this analysis with the corresponding 
stabihty analysis of Michalke (1964). 
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Fig. 12. Linear growth rate of the inviscid turbulent plane miying layer 



Figure 12 compares the linear growth rate obtained for an inviscid miyin g 
layer by Michalke (1964) to the one obtained with the simplified dynamical 
system. An excellent agreement can be observed. Both the most linear unsta- 
ble mode and the value of its linear growth rate being comparable. It 
has here to be noted an important point: the dynamical system obtained from 
the POD is only based on the two point correlation tensor, (by opposition 
to Michalke’s approach where the stability of the profile of the longitudinal 
velocity whas in concern). It is a striking result that both approaches lead to 
comparable results. 

Three-Dimensional Model. A more complex, three-dimensional, dynamical 
system of the experimental mixing layer has been derived by Ukeiley (1995). 
By using 39 nodes (including both streamwise and spanwise wavenumbers), 
and a truncation based on the filter model described in the previous section, 
a complex behavior of the dynamical system has been observed. Large-scale 
quasi two-dimensional structures and streamwise vorticity tubes were found 
to coexist and interact (see Fig. 13). 

Use of Large Eddy Simulation. From a three-dimensional Large Eddy Sim- 
ulation of a plane mixing layer, Cordier et al. (1997b) applied a snapshot 
POD. From the eigenfunctions obtained, a dynamical system was derived. It 
has been found that with only a 10 equations model, the short time evolution 
of the flow can be predicted by this system, as illustrated in Fig. 14. 

These examples are particularly encouraging for the use of POD based 
Dynamical System for flow control. The time is now close to being able to 
include these approaches either for building strategies of flow control or to be 
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Fig. 13. Vorticity contours, (a) in the xi—X 2 plane; (b) mx 2 —xz planes. Dynamical 
System of the plane mbdng layer (39 nodes — ^filter relashionship). a=0.39. Prom 
(Ukeiley 1995). Courtesy of L. Ukeiley. 

directly used in the feedback process. A remaining question to be addressed 
before this ultimate goal is achieved is the uriiversality and robustness of the 
POD eigenftmctions. This point is now addressed in the following section. 

4.6 Representativity of the Dynamical System Model 

Generally, studies related to low-dimensional dynamical systems based on 
POD, try, for a given flow configuration, to evaluate the ability of such sys- 
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Fig. 14. Comparison of the temporal evolution of firom a direct application 

of POD and from a 10 equations Dynamical System. Large Eddy Simulation of the 
plane mixing layer. 



terns to describe properly the dynamics of the flow. Once, the governing equa- 
tions and the POD basis are known, the development of the system becomes 
straightforward. However, considering flow control, a fundamental question 
has to be asked: what is the robustness of the model when the flow realiza- 
tions are more or less varied relatively to the ones from which the POD basis 
was derived? In other words what is the sensitivity of the model to variations 
of geometry, boundary conditions, control parameters, . . . ? This question is 
important when the flow control, will modify at least one of these points. 
This limitation is due to the “intrinsic to a flow” character of the POD. It 
has to be underlined that the optimal convergence property of POD, that 
makes this approach interesting, is also responsible of this li mi tation. This 
section will try to bring elements of answers to these questions. 

General Considerations. The bifurcation parameter of a dynamical sys- 
tem appears generally in the time evolution equation, in an exphcit manner 
as well as in an implicit maimer (through the eigenfunctions of POD, for ex- 
ample). Hence, in terms of flow control, the effect of variations of the physical 
parameters on the eigenfunctions needs to be addressed. Early, in a series of 
papers (Sirovich 1987a), (Sirovich (1987b) 1987b), (Sirovich (1987c) 1987c), 
the problem of parametrization of POD in terms of the features of the flow 
(Reynolds number, Rayleigh number, . . . ) has been discussed. Following this 
discussion, let us denote generically by /u, the ensemble of flow parameters 
such as the Reynolds number. If the eigenfunctions can be associated 

to the coherent structures of the flow for the specific value /xq of flow pa- 
rameters, this is a priori no longer the case when /x ^ /xq. In particular, the 
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relationship: = 5ini is verified only if /x - /xq- However, the set 

still forms a complete, orthonormal set satisfying the boundary con- 
ditions and flow properties (e.g. incompressibilty). The calculated set 
might therefore be expected to be useful over a range of parameter space /x, 
at least for relatively small variations around |Xo- 



Influence of Variation of the Control Parameter. The different meth- 
ods, encountered in the hterature, to take into account this variation depend 
strongly on the type of flow realizations used for solving the POD problem. 
Practically, two cases are found: 

1. the realizations used to solve the POD problem are known only for one 
specific value /Xq of the control parameter; 

2. the realizations contain (imphcitely or exphcitely) different values of the 
control parameter. 

POD Solved for One Specific Value fjL = ( 1 q : In these approaches, a dynam- 
ical system is derived from the eigenfunctions determined at /x = /xq. Then 
fi is made to vary in the system. As claimed before, it can be expected that 
the eigenfunction set determined for /xq is useful to represent the dynamical 
evolution of the system for pi ^ {Iq. This has been effectively demonstrated 
in the case of the Ginzburg-Landau equation, in a study by Sirovich and 
Rodriguez (1987). These authors show that a relatively large region of the 
parameter space is very well described by a three mode approximation cal- 
culated firom one particular set of parameters. 

Chambers et al. (1988) studied a turbulence model based on a randomly 
forced one-dimensional Burger’s equation with zero velocity boundary con- 
ditions. The solutions of this equation exhibit two very different statisti- 
cal behaviour: a core region quasi homogeneous and wall regions (near the 
end of the study domain) where significant statistical spatial inhomogeneity 
exist. Correlation and covariance tensors are determined for three different 
Reynolds numbers. They show that outside the wall layers, the eigenfunc- 
tions are nearly identical for Reynolds numbers spanning a range of 16 : 1. 
However in thin viscous wall layers, the eigenfunctions depend strongly upon 
the Reynolds number. They note that this dependence can be reduced by 
rescaling the distance from the wall with the thickness of the viscous layer. 
Chambers et al. illustrate here a principle of large scale similarity for the 
Karhunen-Loeve eigenfunctions of a two-length scale process: ‘Tu the physi- 
cal region outside of the wall layers and in the range of sequencies where the 
eigenfunction wavelength is large compared to the viscous length scale, both 
the structure of the eigenfunctions and the spectrum of the eigenvalues are 
independent of Reynolds number when scaled on outer variables” . 

Note ttat appears explicitely in the dynamical system model via the govenmig 
equations that have been projected on POD basis. 
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Deane et al. (1991) applied the Snapshot POD method to data resulting 
from a detailed spectral simulation of two complex geometries: the flow in 
a periodically grooved channel and the wake of an isolated circular cylin- 
der. Low-dimensional dynamical models for these systems are obtained by 
Galerkin projection of Navier-Stokes equations onto the empirically derived 
global eigenfunctions. The short and long term accuracy of the models is 
studied through numerical integrations, and bifurcation analysis is done us- 
ing a continuation software called AUT094 (Doedel 1981) . Special attention 
is paid to estimate the ability of the low-order dynamical system to mimic 
the full simulations for Re5molds number beyond the values used for eigen- 
functions extraction. When the results of the full simulation for the grooved 
channel flow are compared to those of a four equations model, Deane et al. 
found that the initial loss of flow stabihty ocurring through a supercritical 
Hopf bifurcation can be described with accuracy by the model. However, this 
four equation model is deficient when extrapolating the system behavior for 
Reynolds numbers away from the value used for the decomposition. Deane et 
al. identify a source for this deficiency: they noted that their model contains, 
as a constant part, the mean field corresponding to the Re3molds number 
at which the POD problem is solved. For other values of Reynolds number, 
the mean flow is very different from the one corresponding to the one for 
which POD was applied. If this change can be accurately spanned by the 
POD eigenfunctions at Reo, one may still expect the model to work without 
further modifications. For the grooved channel flow problem, Deane et al. 
choose to account for variations in the mean flow with the Reynolds number 
by introducing an ad hoc linear law of correction: 



u{Re) - 7(Re)u(Reo) = + C2]u(Reo) (74) 

where the parameters ci and C2 are estimated such that the flow rates at 
different values of Reynolds number match those from the simulation. The 
new model system derived by this way, predicts very well the flow dynamics 
for Reynolds numbers away from the decomposition value. The Hopf bifur- 
cation location is captured fairly accurately, being Rq — 292 in the model 
as compared to approximately Rq = 300 obtained by the full simulation. 
For the cylinder flow, the accuracy of the POD low-order model predictions 
rapidly deteriorates when the Reynolds number is made made to vary from 
the value at which the POD is performed. In the same study, Deane et al. try 
to estimate the abihty of the eigenfunctions ^^^\x^Reo) determined when 
Re = Reo to represent exactly the flow realizations at Re = Rep. To quantify 
numerically this aspect, they defined a residual characteristic of the part of 
u{x^t^Rep) not spanned by the eigenfunctions Reo): 




258 JoelDelville, Laurent Cordier and Jean-Paul Bonnet 



Res (it, — 

(IKa.t.fiep) - 

(l|n(®,t,Rep)|l) 



For the grooved channel flow {Rcq — 350 and Rcp = 1000), there is about 8% 
ot energy not captured. This error is sufficiently low to permit the dynami- 
cal system built at Re = 350 to describe the long-term dynamics of the full 
simulations at Re = 1000. In the case of the cylinder flow, 65% of the dynam- 
ics at Re = 150 is not captured by the first six eigenfunctions determined 
at Re = 100. When 20 modes are included, the corresponding value of the 
residual is only 64%. This result means that, in this case, the flow changes 
with Reynolds number cannot be simply thought of as an “excitation of the 
next higher modes” in the Re — 100 hierarchy. Nevertheless, we can note 
that, even though the long-term dynamic predictions of such models may be 
sometimes inaccurate, their short-term prediction capabihties may still be 
useful, for example, in real-time flow control apphcations. 

Deane and Mavriplis (1994) use the same analysis method as was devel- 
oped by Deane et al. (1991), to describe the dynamics of the viscous flow 
past a thick airfoil NACA 4424 in the transitional regime. The spectral sim- 
ulations have provided data for decomposition into empirical eigenfunctions 
at two different values of Reynolds number: Re = 3000 and Re = 4000. Com- 
paring the two Reynolds number configurations, they show that the energy is 
spread over a greater number of modes as Reynolds number increases. Lastly, 
Deane and Mavriplis retain the twelve most energetic modes (which represent 
approximately 95% of the energy) to develop a low-order dynamical system 
for Re = 3000. This model is found, while not reproducing the detailed flow 
properties, to capture certain essential dynamical features, namely the shed- 
ding frequency and its low frequency modulation. 

Liu et al. (1994) present experimental evidence, in a fully turbulent pro- 
cess, of the principle of large-scale similarity for the POD eigenfunctions, in- 
troduced previously by Chambers et al. (1988). In this study, Liu et al. show 
that in the outer region of wall-bounded turbulent flow, both the eigenfunc- 
tions and the eigenvalue spectra of the one dimensional Proper Orthogonal 
Decomposition have shapes that are independent of Reynolds number when 
scaled by the wall friction velocity and the outer length scale. By comparing 
the POD results of Lu and Smith (1991) for a boundary layer to their results 
for channel flow, they conjecture that the similarity principle can be extended 
from channel flow to a broader class of turbulent wall flows. 



POD Solved for Samples Including Different Values of Control Parameters: 
The characteristics of the flow vary strongly in transitional flows, thus these 
flows are good test cases for studying the influence of the variation of the con- 
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trol parameters. There are some systems where the evolution of the control 
parameters are intrinsically included. Such configurations can be found in the 
studies by Carrion (1993) and Aubry et al. (1994) of the turbulent transition 
over a rotating disk, where the bi-orthogonal decomposition was applied. In 
these configurations, for a fixed angular rotation, the transition to turbulence, 
can be studied by considering different radial locations. 

Studies by Rempfer (1991), Rempfer (1993), Rempfer (1994), Rempfer 
and Fasel (1994b), Rempfer (1996) of the transitional flow over a flat plate 
are of the same nature. Evolving in the streamwise direction, the flow goes 
from a periodic, to a chaotic and then turbulent state. Rempfer (1993) uses 
data fi:om a DNS from Rist and Fasel (1995), by using the “snapshots” meth- 
ods, he determines eigenfunctions of the flow from which a low order dy- 
namical system is derived (vorticity transport formulation) . By examinating 
the Lyapunov exponents, he shows that the pre-turbulent stages are char- 
acterized by deterministic chaos. Rempfer (1994) uses three different spatial 
domains located along the streamwise direction (therefore at different tran- 
sitional stages), for which the “snasphots” method is apphed. Using this, he 
shows that convected structures can be defined by gathering successive pairs 
of eigenfunctions. The coefficients of the dynamical system, describing the 
non linear interactions between components of a same structure are found to 
be negflgible. The dynamical system can then be expressed under the form 
of linear oscillators coupled by quadratic interactions. In a following paper, 
Rempfer and Fasel (1994b) uses these equations, to analyze the temporal 
evolution and the energetic balance of the coherent structures. More recently 
Rempfer (1996), in the context of the discussion between “classical” and 
“snapshots” schools ((Berkooz et al. 1994), (Sirovich and Zhou 1994)) about 
the best suited dynamical model for the near wall region, analyzes the possi- 
biflties and limitations of low order dynamical systems based on POD. In the 
same paper, to study the transition, Rempfer utilizes 60 spatial subdomains 
(thin shces normal to the streamwise direction) from the same simulation. 
For each of these sub-domains a dynamical system is derived, that is vafld for 
a limited range of Reynolds number variation and possesses its own dynamics. 

In these transitional configurations, the difficulties for taking into account 
the variations of the flow features are overcame. However the price payed for 
this is excessive: an important number of dynamical systems is needed. On 
the other hand, the continuity of the representativity of the system when 
parameters change is difficult to access, due to the use of a discrete set of 
dynamical models. 



Note that for these flows the low dimensional dynamical system approach can 
be an alternative method to classical ones (linear and weak non linear stability 
theories) , that could allow access to the last stages of transition where strongly 
non finear phenomena dominate. 
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Another possibility for taking into account these variations consists of 
applying POD to samples of the flow including several values of the control 
parameters. The flow realizations need then to be selected in such a way that 
the various regimes encountered, for which one wants the model to be efficient, 
are considered. Unfortunately, this means that the eigenfunctions obtained 
through these decompositions are such that they cannot be identified to the 
coherent structures of the flow, whatever the value of the control parameters. 

Christensen et al. (1993) apply this approach to the study of the flow in 
a cylindrical tank from which one end is rotating. The numerical study by 
Daube and Sprensen (1989) has shown that a Hopf bifurcation exists when 
the Reynolds number is in the range [2500 ; 2600]. Their objective is then to 
built a low dimensional dynamical systems that can exhibit this bifurcation.^^ 
In order to do this, Christensen et al. generate a set of “snapshots” at fixed 
Reynolds number, in the range Re — 2200 to Re - 3000. They introduce 
the notion of displacement vector (difference between the ensemble averages 
of the samples at fixed Reynolds number). These displacement vectors allow 
the resulting dynamical system to represent the flow dynamics for various 
Reynolds numbers. For example, by this method, the Hopf bifurcation can 
be predicted with an accuracy of 0.2%. This group utilizes this approach to 
describe the successive transitions occuring m this flow (Sprensen and Chris- 
tensen 1995). 

As seen in this review, the sensitivity of the model to variations of the 
control parameters, has been studied essentially more in terms of the influ- 
ence of the variation of the flow parameters (e.g. Reynolds number) than 
in terms of the influence of the geometry or boundary conditions. However, 
Berkooz (1992) for example, has proposed a control strategy based on bound- 
ary deformation, in which a conformal change of coordinates allows to take 
into account these variations. In fact, the variations of eigenfunctions with 
the control parameter depend both on the nature of the flow and on the type 
of realizations retained when the POD is apphed. Either, the eigenfunctions 
can be rescaled properly (e.g. Liu et al. (1994), Chambers et al. (1988), Lu 
and Smith (1991), Aubry et al. (1990)) or a specific method needs to be intro- 
duced. This last problem is crucial in transitional configurations, where the 
flow characteristics and dynamics can evolve strongly. In this configuration, 
the authors try to take into account the variation of the control parameter 
by to ways: either sets of ODE are derived over a range of discrete values of 
the control parameter (e.g. Rempfer 1996) or a unique set of ODE is derived 
that include imphcitely the variation of the control parameter (e.g. linear evo- 
lution Deane et al. (1991), displacement vectors Christensen et al. (1993)). 
This last method, because it reduces greatly the number of equations to be 
used seems very premizing. The common penalty of these approaches of low 

A similar approach has been used with the same motivations by Cordier (1996) 

in the case of a flow between counter rotating disks. 
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order Dynamical Systems based on POD basis, is that eigenfunctions have 
to be determined for each flow configuration. This determination is generally 
costly and requires heavy computations or experiments. An important gain 
would be obtained if they could be determined a priori. Such a formahsm, 
based on the stabihty analysis of the equation for energy, has been recently 
developped by Poje and Lumley (1995). 

5 Concluding Remarks 

As noticed all along this chapter, it is now well admitted that, by their 
presence, the large-scale structures have a considerable influence on the tur- 
bulent flow dynamics. Indeed, even in fully turbulent shear flows, the large- 
scale structures are known to be of primary importance for most of the flow 
characteristics. In the framework of control of turbulent flows, it is therefore 
necessary to recognize them, understand their iofluence and somewhat pre- 
dict their short time evolution. The ultimate aim of any method involved 
in flow control has then to try to define methods allowing to interact with 
them in a apropriate, intelhgent way. The purpose of this chapter was, in 
this context, to analyze a few points that are to be taken into account when 
wishing to monitor the Coherent Structures, developping in turbulent shear 
flows: mainly, the large-scale structures identification and the prediction of 
their short time evolution has been addressed. 

Due to the turbulent character of flows under practical and industrial 
interests, the detection, analysis, prediction and control of the large-scale 
structures are quite complex. Even organized, these large-scale structures 
possess a large degree of randomness leading to specific detection methods, 
associated to specific detectors and associated data processing. The identifi- 
cation schemes are finked with the accepted definitions themselves. The usual 
tools for accessing the large-scale structures regroup the usual experimental 
methods: flow viz, one or several point measurements, instantaneous or ran- 
dom data collecting. A commmon feature of these approaches is that they 
are selective, in that they only retain very weU defined events. A compara- 
tive analysis shows that the average characteristics, obtained by using various 
conditional methods, are close. Even more they can be compared to the ones 
that can be derived from stochastic approaches, as POD or LSE are. How- 
ever, the efiiciency of the detection is different, accordind the method used. 
This point should be taken into account for flow control strategies: how can 
a method, even precise in the average sense, but selecting only a few percent 
of occuring events, be efficient?. 

Therefore, non conditional, stochastic approaches have to be considered. 
These methods can lead to an objective contribution description of the Co- 
herent Structures to the instantaneous flow, that conditional methods cannot 
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in general. These approaches have been detailed in the present chapter, in 
particular, the Proper Orthogonal Decomposition and the Linear Stochastic 
Estimation have been presented. A bibhographical review, as well as a par- 
ticular case “the plane mixing layer” shown that several important features 
of the flow can be gained: turbulent kinetic energy (as a direct consequense of 
the POD deflnition), shear stress u'v' component (thus energy production). 
The main large-scale structures organization (trough dominant wavelengthes, 
or frequencies) is also very well described by POD approaches. These meth- 
ods lead to the description of the behavior of projection coefficients, that 
we called the a’s. An intricate problem is related to POD apphcations: the 
“phase indetermination” , that avoid to gain the temporal bahavior of these 
coefficients. This indetermination can be solved only if the whole flow fleld is 
known, it could therefore seem that this land of method is useless. However, 
the use of complementary methods based on LSE seems a powerfiil tool that 
can be efficient in the determination of the u’s. Obtained results show that 
the complementary technique, which combines LSE and POD, allows one 
to obtain time dependent information from the POD while greatly reducing 
the amount of instantaneous data required. Hence, it may not be necessary 
to measure the instantaneous velocity field at aU points in space simultane- 
ously to obtain the phase of the structures, but only at a few selected spatial 
positions. 

One point has to be recalled in the context of real time flow control: the 
estimation of the POD coefficients only requires (at each time) to evaluate a 
spatial integral value. This evalution, while involving only very simple linear 
operators can be very easily hardwared. This remains true also in the context 
of the complementary technique, based on LSE. 



An interesting feature of the POD approach is that an optimal basis is 
determined, from which a low order dynamical system, modelling the large- 
scale structures of the flow, can be derived. With the Galerkin projection 
procedure, sets of ODE have been derived. However it has appeared that some 
assumptions need to be made and that a closure problem remains present. 
Two results, obtained in the mixing layer configuration, have shown that 
from the Dynamical Systems approach: the most amplified mode (due to 
instabihty) is well predicted by the first mode of POD - a low order sj^tem 
(10 equations) can be used to predict the short time evolution of the Coherent 
Structures. Clearly, even though the long-term dynamic predictions of such 
models may be sometimes inaccurate, their short-term prediction capabilities 
may still be useful, for example, in real-time flow control applications. 

Indeed, if a limited set of ODE is sufficient to describe turbulent flows, two 
objectives can be fulfilled: it should be easier to test flow control strategies, 
and the short term prediction of the relevant dynamics of the flow can be 
computed in real time. 
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Generally, studies related to low-dimensional dynamical systems based on 
POD, aim at, for a given flow configuration, evaluating the ability of such 
systems to describe properly the dynamics of the flow. Once, the govern- 
ing equations and the POD basis are known, the development of the system 
becomes straightforward. However, considering flow control, a fundamental 
question remains to be answered: what is the robustness of the model when 
the flow realizations are more or less varied relatively to the ones from which 
the POD basis was derived? In other words what is the sensitivity of the 
model to variations of geometry, boundary conditions, control parameters, 

. . . ? This question is quite important when the flow control wiU modify at 
least one of these points. This question is related to the “intrinsic to a flow” 
character of the POD. It has to be underlined that the optimal convergence 
property of POD, that makes this approach interesting, is also responsible 
of this limitation. Different methods, encountered in the hterature, to take 
into account this variation are available. The developped methods depend 
strongly on the type of flow realizations used for solving the POD problem. 
The two practical cases that can be found (realizations used to solve the 
POD problem known only for one specific value of the control parameter - 
realizations containing different values of the control parameter) have been 
developped in this last section. An ensemble of various methods are now avail- 
able that allow to take into account the variation of the control parameter. 
These methods are dependent of the flow configuration: for developped flows, 
a rescaling of the eigenfunctions can be sufficient. In more complex situations, 
as transitional flows, one needs to derive specific procedures. Whatever the 
approach used for taking into account the control parameters variation, this 
point needs to be considered when developping the dynamical system model. 

Two additional remarks can be done. The first one concerns the rapid 
developpement of the low order dynamical system as a tool for prediction of 
complex flows: in a recent work Joia et al. (1997) have used the dynamical 
system of Aubry et al. to simulate a two-phase flow (bubbles in air). In their 
approach, the dynamical system provides the large scale motion of the flow, 
while a Lagrangian approach is used for the particles trajectories. The sec- 
ond remark concerns an other application of the Karuhnen Loeve theory in 
the framework of flow control, this decomposition can be used as a tool for 
the identifications of dynamical systems and can be used for defining predic- 
tive models directly from time series data (see Landa and Rosenblum (1991)). 

To conclude this chapter, it is clear that further studies are necessary for 
the optimization of flow control through POD based Dynamical Systems. The - 
use of numerical methods is possible. However, for real flows with configu- 
rations that mimic the industrial ones, detailed experimental studies remain 
unavoidable. 
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Abstract. The physics of the multiscale patterns of flows is introduced in the first 
part: it is the foundation for analysis of the control of flow. Then a careful dis- 
tinction is made between control as a passive mean for improving the properties 
of natural flows relevant to a given apphcation, and control as a robust active tool 
to optimize a cost function. Improvements of the performances of engineering sys- 
tems relying on flow of fluids may use passive means or active controller, sensors 
and actuators to withstand the external perturbations. Consideration of such types 
of active and passive control and of calming or increasing unsteadiness forms the 
subject matter of the following parts in flows of high Reynolds number relevant 
to major apphcations with turbulence or chaotic behavior. These progress towards 
increasing complexity of control; from the simpler control of amphtude of turbu- 
lence and chaos everywhere in the flow to achieve its homogenization to the more 
complex control aimed to reduce such amphtude. Methodology relying on a mix of 
experimental and numerical assessment of the problems and of possible solutions is 
needed for mastering the level of difficulties involved in complex flow control. The fi- 
nal part is devoted to the problems of apphcations, when a real-hfe controlled flow 
system is to be built, demonstrated and certified at the level of safety presently 
required for advanced aviation systems in operation. 



1 Physics and its Modeling 

1.1 Physics of Multiscale Flows 

Sensitiveness. Underestimation of flow complexity is common in the field 
of fluid mechanics, both in applications and often in research. So much flow 
visualization at low Reynolds number and of computation with increased 
viscosity, by artificial dissipation of the numerical schemes, are now wide- 
spread, and have become the basis of physical knowledge of flows for many 
people. Both t 5 rpes of visualization succeed too much in extracting quasi- 
steady flow patterns, often the more attractive for researchers or engineers 
wilhng to consider simple explanations of mean properties of flows. Turning 
to a problem of active control implies that transient effects and their stability 
become of main import ance in the study of control, and that the hypothesis of 
smooth mean flow properties is no longer relevant. Another error is to consider 
the behavior of the flow as a hnear output of an excitation by actuators, and 
so assume that relevant unsteadiness is linear sum of forced outputs by the 
intended movements of actuators. Such framework of analysis of flows comes 
from the linear theory of the control of systems and is strictly valid only 
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for linear systems. This is clearly what the flow of fluid is not, both when 
the Reynolds number is low because dissipation effects are predoroinant, and 
when the Re 3 molds number is large. Turbulent dissipation are then large 
particularly also in transitional regime because the transition process is highly 
nonlinear. Such remarks do not preclude the usefulness nor the efficiency of 
some basically linear controllers. However, in cases of failure of control at the 
design point, with large external perturbations, it r emin ds us that no useful 
analysis can be conducted from the linear viewpoint. 

One basic characteristic of flows seen in practice at high Reynolds number 
is the capacity for a small perturbation to be convected and amplified on a 
space-time frame to many orders of magnitude larger than the initial per- 
turbations entering the domain. Typically a small perturbation of O(10~®) 
compared to mean external velocity and O(10~^) compared to a characteristic 
length of the flow (width of a duct, wake, shear or boundary layer thickness) 
can fill all the domain with a perturbation 0(1) . Such a process is therefore of 
major concern in the efficiency of any control aiming to reduce perturbations 
as far as very local control is not used (i.e. control reduced to the vicinity of 
the pertmbation). The feeding of the unsteadiness of the flow by the actua- 
tors, designed for calming it, is a common output of Imear control outside of 
its limited range of hnear effect. Another parasitic effect is the transfer from 
one frequency (wavenumber) to another frequency (larger and smaller wave 
numbers) of the perturbation due to the nonlinear couphng of modes. 

Major part of our knowledge in the field of control have been developed 
from the stabihty analysis of systems with reduced number of degrees of free- 
dom or with clear separation of modes. It is usual in mechanical systems 
where a small number of eigen values keeps significant percentage of the en- 
ergy stored from an impulsive solicitation. On the side of fluids such simphcity 
does not exist because the modes are not at fixed frequency regardless the 
fact that they may be seen (when a more amplified frequency lets a particular 
mode to appear) with more amphtude on some modes than on others. Mode 
frequency and possibly its shape will generally change downstream from the 
point of observation. So, the energy embedded in a given perturbation can be 
transfered to other frequencies, can be convected by mean flow or may have a 
significant relative traveling velocity, may eventually feed other modes. Such 
that the spreading of an initial perturbation is generally larger than antic- 
ipated from simple one-mode-convected linear analysis. One could consider 
as a challenge the control of flow patterns having such highly nonlinear be- 
havior, but in fact it is the contrary. It means that the system constituted 
of the areas of interest is highly responsive to perturbations and so wfll be 
controlled with small inputs, if such inputs are adjusted to the possible self 
amphfication where they are more sensitive. We need to turn to a sensitive- 
ness analysis of the flowfield at least for the flow irregularities of interest for 
the goal of control (see Lions, 1996). 
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Compressibility. Another characteristic of many fiowfields is compressibil- 
ity. It implies that we have to add to the traveling waves of constant enthalpy 
perturbations, compressibility waves (isentropic at small amphtude and dis- 
sipative at high amplitude) coming from locally supersonic flows and acoustic 
sources. They are fed by interaction with turbulent flows or unsteady flows in 
shear layers in wakes or near the wall (induced by fluctuating separation, or 
vortex breakdown). It is generally at the sources of such unsteadiness where 
it is preferable to place an actuator because the control of the surface of 
shock waves in the fleld would need specific generators and cancelation seems 
difficult except with absorbing boundary materials out of the scope of this 
paper. Major problems are then related to the control of acoustic waves that 
focus in travehng shock waves or, in subsonic flows, that All up all the domain 
at much higher velocity than travehng waves. They are however smaller am- 
phtude than other perturbations. Acoustic waves have yet to be controUed 
for apphcations because a small percentage of energy fed into acoustic waves 
gives unacceptable level of perceived noise Moreover control has to avoid 
generating strident noise by the controUer, because users do not accept such 
enviro nm ental attrition. Coupling of isentropic acoustic waves and entropy 
waves is also a main ingredient of the multiscale interacting process of trav- 
ehng waves excitation. It is not a local process and is generally effective for 
large domain where interaction may have cumulative action in spite of large 
relative speed of convective modes and acoustic waves. 



Vorticity. We can now turn to Fig. 1, which gives a reproduction of a draw- 
ing by Leonardo da Vinci, the famous engineer and painter of the Renaissance, 
that clearly indicates the effort in thinking needed to understand real vortical 
flows and to open the way for a control of their detrimental effects. Drawings 
are related to flow of water in the output of a watermih and represent the 
first realistic visuahzation of vortical flow. The great engineer’s thought led to 
the deduction that losses of energy (height needed for waterfall) are present, 
generating vortical flows. However, without consideration of the boundary 
layer before, Leonardo da Vinci was led to try to control the vortex produced 
at the point of separation by an unsuccessful redesign of the downstream 
channel. Cancelhng large turbulent vortex structures after generation is, of 
course, a difficult task. 



Interacting Waves and Large Structures. Figure 2 wiU be the main 
basis for identification of the physical properties essential to the analysis 
of any control requirements, either to define realistic goals (acceptable cost 
function), or the physical phenomena that will be involved in the actuator 
action for control. 

Figure 2 is an image, in a set of very high speed camera output, aimed to 
Ausualize the bidimensional unsteady fiowfield around a lifting wing section 
(or compressor blade) having a large unsteady wake generated by separated 
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shear layers on both sides of the section. Such a test case has been selected 
for its quasi bidimensional behavior. The carefully designed experimental ap- 
paratus by Professor Dymant of the Institut de Mecanique des Fluides de 
Lille, with parallel lighting, gives a pixel quality allowing identification of 
all phenomena. With a pixel size of 10“^ chord length, the duration of the 
lighting may be coherent with such an accuracy, so freezing aU the waves and 
flow oscillation. The Reynolds number is roughly 3 x 10® and Mach num- 
ber 0.8, giving a supersonic pocket on the upper surface with an oscillating 
separation. In Fig. 3 we have summarized the major flow patterns for bet- 
ter identification in the Schlieren picture of Fig. 2 and their scale related to 
chord c. 




Fig. 3. Main characteristic pattern of instant flowfield of Fig. 2 



For a good understanding of the multiscale problem, it is better to begin 
the survey of Fig. 2 by the shear layer generated on the lower part after lead- 
ing edge. On the original picture it is possible to follow the growth of Kelvin 
Helmholtz instabihty from the level of 10“^ to 10“^ chord length before the 
bursting of regular vortex pairing. Such destruction is not exactly bidimen- 
sional leading to an indistinct generation of “puffs.” It is to be noted that 
external flow in such mixing layer is supersonic when the internal returning 
flow is subsonic. The end of the regular separated area is closed by a shock- 
wave that is generated by pulsating vortex layer structure in its rearward 
movement. Some residual perturbations coming from the preceding oscilla- 
tion are visible as sound waves amphfied by the reduction of height of the 
subsonic part near the leading edge. At the outer edge of supersonic pocket 
it is possible to see acoustic waves (or pressure waves as far as they have 
hnear behavior at local speed of sound) travehng upstream and decreasing 
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in intensity with the diverging effect of reduction of the supersonic pocket 
upstream of the shock wave (the opposite effect of what we have identified be- 
fore in the separated wedge beginning at leading edge). Such pressure waves 
are interacting in the separated wedge, with Kelvin-Hehnholtz pairing clearly. 
However the external pressure waves can also interact with the incoming flow 
and so with the process of unsteady separation at the leading edge, but such 
process is in the 10“^ range. In summary we have identified that large in- 
stabilities are fed from size processes. At least unstable processes and 
their saturated amplitudes are directly related to the nonlinear amplification 
process of large disturbances. We have to mode not only the local stabifity 
but the coupling with upstream traveling waves. 

In practical configurations in low subsonic speeds the acoustic waves are 
very weak, but in transonic, and obviously in supersonic external flows, cau- 
tion is to be kept for all perturbations generated in subsonic separated areas 
(and also in subsonic part of boundary layers). In low subsonic flow, a lot 
of flows (see Huerre and Monkewitz,1990) have absolute instability and will 
present such upstream interaction, but they are not so visible as acoustic 
waves due to their very small density fluctuation. If we turn now to fluctua- 
tion of separation on the upper part of the wing section, where the movement 
of the separation point is not 10“® but 10“^, it is possible to see also multiple 
shock waves with a large A foot coming from the incoming laminar boundary 
layer flow, kept ahead due to accelerating flow. The pulsating flow, with large 
structures generated at separation, gives birth to a set of successive A shocks 
that coalesce in a small number of shocks fed by downstream low frequency 
oscillations of separation bubble. 

The building of Karman-street-hke structure, half a chord behind the wing 
section, is related to the interference between lower and upper separated 
shear layers mixing in that area in an extremely complex rolling process 
of the upper and lower shear layers. The upper layer has gained vortical 
structure of 5 x 10~^ size at the traihng edge, while the bidimensionahty 
has almost disappeared on the lower side. It is obvious that the mean flow 
behavior cannot be represented by an equihbrium turbulent k-e model. It 
would be very uncertain to try to make the adjustment of a controller with 
such computational model when much more complex flowfield and exchange 
of energy, between large structure and microscale turbulence, has to take the 
predominant effect. 



Bidimensionality and Tridimensionality. For control of fluid such real- 
hfe flow analysis teaches us to take into account the following phenomena: 

— Natural mode amplification in the shear-layers of the flow. 

— Upstream and downstream input and output of the perturbations coming 
from any local fluctuation. 

— Sound or pressure waves travel with their focusing and dispersing effects. 
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- Low frequency coupling with the wind tunnel walls as a perturbation 
effect versus free flight. 

We need a general multiscale approach in order to really control such 
phenomena in the flow at the suitable location, taking in account all their 
interactions and their increased complexity in 3-D flows. The phenomena of 
vortex-pairing and 2-D fluctuations of lines of separation has to be extended 
to real 3D phenomena that give birth to two new phenomena. First, the 
couphng of different non-planar entropy modes. Second, the hehcal destruc- 
tion of local bidimensionality leading to an unstable balance between flow 
governed by hehcity (more and more exact when separation hnes are swept 
hke in high-sweep delta wings) or by vorticity (more and more organized in 
Karman street or toroidal modes as low frequency coupling with 2D incom- 
ing flow prevails) . Such 2D-3D partition is also valid for high angle of attack 
flow normal to upstream velocity, or for any locally bidimensional flow near 
leading or traihng edge. Return to isotropy is the major downstream process. 



Multiscale Coupling. The problems related to multiscale flows are exam- 
ined in Perrier (1996) with more details but we have to survey at least the 
process of amplification and phase locking of direct interest for active control. 




Fig. 4. Modes amphfication and couplin g 



The process of amplification in time and of coupling in wavenumber is 
sketched in Fig. 4. It has to be remembered that, following a streamline in 
a Lagrangian coordinate, at least three modes are independently amphfied 
among all the possible travehng waves in any direction in a small thickness 
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shear-layer. One is the normal mode without hehcity and the two others are 
the conjugate modes with helicity. The angle with streamline of the more 
amp lifi ed transverse mode is near 45° at low speeds and low gradients but 
can be at higher angle (or lower) if the flow is accelerated or distorted by 
the local tensor of deformation. With these three oscillators, a level of 10“^ 
for fluctuating velocities compared to mean velocity may be sufficient for 
beginning a coupling between modes. Such nonlinear process can extract 
energy from the external flowfield with an excellent efficiency giving birth to 
the three lengths allowed for rolling a vortical flow to a chaotic flow feeding 
turbulence efficiently. So we have to separate 

— n in the to 10“^ range, where linear independent amplification of 
modes takes place with selection of the most amplified modes (as can be 
seen experimentally where the Tollmien-Schhchting waves are generally 
only seen at level 10“^ . 

- n in the range of amplitudes of 10“^ to 10"^, where coupling are taking 
place, as soon as the phasing of waves is correct. 

The more efficient control will be at low level of amphtude, before the 
chaotic interference is present, and particular care has to be devoted to mas- 
ter it. The source of low amplitude waves is to be found in external entropy 
fluctuations and in pressure wave interference. External perturbations enter- 
ing the viscous layer are generally damped except if at the critical wavenum- 
ber (frequency and orientation) because they do not enter with the receptive 
eigen distribution of perturbation. However the perturbations entering at the 
leading edge by convection, or acoustic waves, can made perturbations at the 
wall. Thereafter reduced fluctuation, although very small in amphtude, may 
be obviously sufficient for a coupling process involving non hnearity near the 
zero velocity at the wall. Such a spot of fluctuation may then be amplified. It 
is the reason why the control at the wall may be very efficient with the help of 
a subsequent amplification, or be very detrimental by forcing all the modes to 
reach non linear amplitude that will later interfere for a chaotic amplification 
(Goldskin, 1996; Kerschen, 1996; Ruban & Duch, 1996; Terent’ev, 1996; Wu, 
1996). 



Sensitive Points. As a conclusion of this analysis of multiscale physics, it 
will be recommended at the beginning of any study of control of complex 
flow, that one should completely survey the unsteady phenomena present in 
the configuration of flowfield and near boundary conditions, to identify the 
more strongly amplified linear modes and their receptivity to external per- 
turbation. Particular emphasis will be put on noise traveling waves and on 
focusing of such waves and of compressibility waves. Preliminary study will 
highlight the “sensitive points” in the flowfield for each of the waves, includ- 
ing the stationary waves that can push the non linear processes to be present 
very soon and very effective (Gortler vortices . . . ) . Such preliminary study, 




5 Multiscale Active Flow Control 283 

directed towards the problem of robustness of control, will also give the am- 
phtude of maximal external perturbation that the controller can be expected 
to deal with. It is a point where we need improvement in measurements, and 
obviously need some new equipment able to identify in the noise the hnear 
modes present at level < 10“^, as well as new computations able to reach the 
direct evaluation of more amplified modes in the complete field. 

1.2 Modeling of Unsteady Flows 

Self Oscillation and Metastabilities. In the same hne as Fig. 2, but with 
non cambered airfoil, one first test needed for qualification of Computational 
Fluid D 5 mamics in active flow control design, is to check capabihties of codes 
to rebuilt natural unsteadiness for transonic separated wing sections. Such 
test case is well documented for a lenticular arc anfoU in square test section. 
Rebuilding by 2D computation does not give the correct frequency for this 
periodic phenomena of iteratively separated flow on upper and lower surface 
induced by a movement of the shock waves. Correct answer is rebuilt with 
a 3D unsteady computation. Fig. 5 gives two Mach number contours in the 
cycle and shows the highly non hnear behavior of the pressure for two chord 
positions. Such computation is a first step towards transonic buffet control on 
aircraft by appropriate defiection of the rear flap for damping the oscillations. 




Time 

Fig. 5. Pressure in transonic separated oscillating flow 



Another t 3 rpe of flowfield turbulence inducing buffet is generated when 
metastability is present in a part of the flight envelope of an aircraft or for 
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any complex flowfield. Such metastability can appear as a large hysteresis 
generator or as a small transient unsteady flow. In the flrst case the flowfield 
moves suddenly from a first pattern to another with increasing incidence and 
will have an inverse jump with decreasing incidence, but with an incidence 
delay. The control of such flow is difficult because it will be needed to smooth 
the jump and it requires, at least, that condition or angle of attack of the jump 
will have to be fixed by the control system. Another more efficient control will 
be to turn to a proportional oscillating transition. Such real flow exist in many 
natural multivalued flowfields: between the angle of attack of wing section 
ai where the state I is stable and so where a probabflity of 0 for state II is 
certain, and an angle of attack 0:2 where probabihty of state II is 1, there is a 
transitory law of probabihty when checking a set of experiment with variation 
of angle of attack from ai to ail and conversely. So a controller can work 
with a superimposed high frequency fluctuating forcing process from state I 
to state II, fixing a mean value at lower frequency and so giving a smooth 
transition without hysteresis. Such artificial mean behavior is of great interest 
for a flight control system of the aircraft. It is generally very insensitive to 
unpredictable hysteresis and jumps in aerodynamic characteristics that can 
be filtered out in this way by enforcement of their mean values. 

The same strategy can be developed for the metastabflity of vortical flow 
around a pointed nose at high angle or attack of for vortex burstmg as done 
by Lee (1996), Truong (1993). One may consider the large eddies in a highly 
turbulent flow with low frequency unsteadiness as requiring a similar enforce- 
ment. The asymmetry of the distribution of fluctuations of pressure compare 
to a normal law will sign the intermittency, requiring special consideration, 
see Gledzer et al. (1994). But such intermittency can appear in steady stable 
waves for large stationary structures in viscous layers That may bes seen in 
a laminar spinning body before unstable oscillations lead to turbulent flow 
by interaction of spiral vortices and Tolhnien-Schlichting waves. 



Elementary Phenomena. Such perturbations can be summarized in Ta- 
ble I, and are of increasing importance and complexity when compressibility 
or enthalpy production are present in the flowfield. 

A major part of such nonlinear phenomena can appear in a boundary 
layer and is enhanced when perturbation velocity is large relative to mean 
velocity, as exemplified in near wall coherent structures; see e.g. Robinson 
(1989). 



Equations for Modeling. So the modeling necessary to the computational 
analysis of any control of flow has to fulfill multiscale requirements that could 
be included in Direct Navier-Stokes solvers, but with a too-small Reynolds 
number. Large Eddy Simulation codes has a domain of computation generally 
too small for letting the slightly unstable modes to develop and to take in 
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account realistic receptivity coming from far upstream perturbations. The 
phenomena and equations are summarized in Table II. 



Table I: Perturbations as emerging from linear 
quasi-steady viscous flows. 




Steady vs. Boundaries 





Unsteady or Progressive 





Table II: Modeling constraints and equations 



Global: 

— Multiscale viscid modes — ^interaction and coupling in nonlinear range. 

— Receptivity and emissivity between shear flows and viscid-inviscid 
perturbations. 

— Energy transfer between viscid and inviscid flows — coupling with 
structure. 

— Propagation of waves viscid and inviscid, diffraction and focusing. 

Local: 

— Interaction between waves number (Craya equation). 

— Dispersion equation for different waves (Landau equation) . 

— Interaction between large structures of vorticity (Crocco equation). 

— Local amplification factors in linear approximation (Orr-Sommerfeld . . . ) . 

— Multiscale homogenization due to small-scale turbulence (Pironneau-Papanicolaou) . 
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Local Stability Analysis. Anyway the basis of any control analysis of the 
effect of an actuator on the flowfield has to be local stability analysis as 
initiated by Monkewitz (1989) and may be roughly characterized by hot wire 
or pressure sensor put in the flowfield. In Fig. 10, adapted from Monkewitz 
and Sohn (1988), the frequency distribution of peaks appearing in a hot jet is 
compared to the almost smooth frequency spectra of a typical cold jet. This 
is an example of the subsequent tracking of energy containing large structures 
that control has to manage. Table 3 of Huerre and Monkewitz (1990) gives the 
basic stability of the main di fferent flow topology (jets, wakes, . . . ). Numerical 
tools able to give complete local stabihty prediction are lacking at present. 



Propagation and Coupling. Linear amplification rebuilding is insufficient 
by itself if the propagation of waves is not also well reconstructed by He lmh oltz- 
like equations in inhomogeneous media and the coupling of modes identi- 
fied. The best mathematical ingredient for computation will be a determin- 
istic equation for vortex interaction equation as the Crocco equation plus a 
stochastic triadic couphng for tmbulent mean flow as the Craya equation, as 
implemented in Matthieu (1990) and Bertoglio (1987): 

^ + % = ( 1 ) 

where ^ij {k, t) is the spectral tensor. 

The closure of the equation is usually done by EDQNM over the triple 
correlations of the k, p, q triad. The integration over all possible triads 
gives a statistical closure of the equation, and so include the different waves 
emerging of the multiscale computation and then redistributes energy in the 
continuous spectra of estabhshed turbulent flow downstream, destro 3 ung the 
order preserved for large eigen vectors in Crocco equation 

^ rotV - ratV -V = TVS-Vh ' (2) 

dt 

For interaction of eigen vectors it is convenient to keep a deterministic for- 
mulation following the convection of vorticity field associated to eigen vectors 
through random stochastic medium, (see e.g. Carpenter, 1996). ‘The control- 
lability of propagating waves are addressed in Bardos et al. (1991; 1992). 

Global Direct L.E.S. The next figure gives example of what is accessible 
by L.E.S. computation (Professor Lesieur, LEGI, Univ. Grenoble) as basic 
elementary flows: past a step in velocity formulation, for a turbulent Kelvin- 
Helmholtz convected instability as for vortical flow attached as a distinct 
vortex to a swept step and as periodic Gortler hehcaT pattern to a ramp. 
Physical evidence of such structures are generally well substantiated as seen 
by physical visualization and may be found in Ducros et al. (1996), Mittal 
and Balachandar (1996), and Urbin and Metals (1997). 
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Fig. 6. L.E.S. fine vortical-helical pattern 



The coupling between longitudinal and transverse vortical large struc- 
tures is one of the main way to chaotic flows that is of major importance 
in flow control. This is particularly well identified in the visualization ex- 
tracted from a LES computation of Metals (1992). However in real turbulent 
flows the complexity is generally higher as can be seen from the frequency 
spectra obtained by Bonnet et al. (1993) exemplifying complex anisotropic 
distribution of acoustic waves. So the reconstruction by computation has to 
be an ad-hoc work, relying on experimental measurements or equivalent well 
instrumented problems. 

One cannot avoid the chain: 

Physics Numerical modeling Analysis Validated tool 



Validation may be done directly on the experiments if an approximation 
to the experimental data inputs may be extracted from direct measurements 
by a proper orthogonal decomposition (see the chapter by Delville et al. in 
this volume) or by any other discrete fitting. Such input approximation is 
necessary before LES computation may be compared for the flow pattern 
itself and its modeling which requires specific tests, experimental and nu- 
merical (D.N.S.), for a direct modeling from test cases relying on laboratory 
experiments. 

Mesh Requirements. One important requirement in modeling is also to 
cover the topology of flows involved (at the size of the actuator fiowfield 
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involved in the design process) in order to help the selection of optimal shapes 
including the control. If, for example, it may be useful to fix separation on a 
wing section for better control of the wake or inversely to let separation free 
with a domain of control at the size of possible actuators, the flow pattern 
has to be coherently rebuilt in either case. This requires a refinement where 
needed (blades, jets, suction holes, . . . ). 




Fig. 7. Unsteady L.E.S. separated flow past an airfoil 



Figure 7 gives a DASSAULT example of an industrial LES bidunensional 
computation of unsteady separated flow in transonic that is a basic tool for 
study of control of the transonic bufifet induced at separation. The Reynolds 
number of the computation is 2.3 x 10® for 0.4 x 10® discretization points 
on an ONERA OALT 25 at M = 0.8, a = 2°. The corresponding mesh is 
given in Fig. 8. The use of structured mesh leads to a large waste of degrees 
of freedom, so the future industrial codes will be probably in finite element 
unstructured mesh with a reduction of at least one order of magnitude in the 
number of points in three-dimensional flows. Such computation have been 
done in CTR and Dassault for a slice of bidimensional wing with a mesh able 
to cover = 30 in boimdary layer. Some extra gain can be also obtain in 
time discretization if the order of the scheme allows it. 

1.3 Theoretical Problems Related to Control 

Three Ways for Handling the Control of Fluids. The complexity of the 
problem of control of flows of fluids is directly connected to the complexity 
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Fig. 8. Fine mesh needed for Fig. 7 computation 



of the solutions of unsteady Navier-Stokes equation. So a rational approach 
cannot escape to a careful analysis of what can be afforded by mathematical 
theory of control and by past experience in the field of control of ordinary 
differential equations versus partial differential equations. It implies three 
ways for a rationahty of the control of flows of fluids, two with reduced 
synthetic systems and one with numerical solution of flow equations with the 
boundary constraints and control law computation. 

Dynamical Model. One way is to reduce the system to a “dynamical model,” 
with a reduced number of degrees of freedom. The evolution of the system 
can then be considered as equivalent to a system of coupled ordinary differ- 
ential equations. The coupled evolution of each of the parameters define the 
amphtude of each degree of fireedom in which the system is reduced. If the ac- 
tuators and sensors are also in reduced discrete number, such reduction may 
be equivalent to the standard black-box simulation of a dynamical system 
with a control loop, the vectors of parameters defining the state of the sys- 
tem. The input of actuators and the output of sensors are vectors of variables 
to be managed by the controller. The tools of classical control theory of sim- 
plified discrete system apply and are particularly efficient when the system 
is quasi-hnear, linearity affording simple mathematical tools for evaluation of 
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stability and performances, non linearity appearing as a perturbation around 
local linearized behavior. Such linear approach (and the correlated spectral 
decomposition) is no longer vahd when metastabihties or multivalued output 
come from unstable flows. A variant of the black-box approach may rely on 
an equivalent nonlinear dynamical system or any nonlinear synthetic model 
of the flow. A large hterature on d 3 mamical models helps to know the way 
to enforce convenient attractor trajectories, and direct control on such at- 
tractors. Unfortunately only limited number of flows, highly constrained by 
boundaries, seem tractable by such approach. However a proper orthogonal 
decomposition based on correlations between a set of snapshots of a flowfield 
may help to rebuild a linearly coupled dynamical behavior with an O.D.E. 
on first modes. Better understanding of the stability of equivalent P.O.D. for 
different control laws is to be recovered (see Tang et ah, 1996). 



Synthetic Model. A second way to rationahty of control is to build an 
equivalent S3mthetic system that does not seek to eliminate the complexity of 
the control of a nonlinear black box. Direct consideration of the experimental 
problem is obtained by fitting a synthetic system without discretization of the 
continuous problem. The synthetic system is assumed to converge towards 
the real system behavior when experimental test is extrapolated to real-life 
conditions. Reduced set of experiments and reduced scale model are generally 
used in identification process, so extrapolation is needed in Reynolds number 
for a combination of parameters. Use of neural networks may be unique af- 
fordable process of identification of equivalent synthetic system. However, it is 
better to use neural network for identification of nonlinear part of model and 
to rebuild deterministic numerical model duphcating neural network model 
as frozen at the end of learning selected sequences. As Gunzburger states, it 
is possible to see such control as a “flow control without fluids.” 



Numerical P.D.E. Model. The control may be designed with a set of so- 
lutions of P.D.E. computed on a fine grid with a very large number of degrees 
of freedom. Convergence to continuous control, when the mesh is refined, is 
however to be proved. The mathematical optimal control may be computed 
at each time step. This gives the best setting for actuators to make the fastest 
transition to the targeted final state, and may take in account constraints and 
“least regret” as proposed by Diaz and Lions (1994) and Lions (1993) for a 
secondary cost function. The number and the location of the sensors may be 
also selected by their efficiency in the reduction of the transient behavior or 
of efficiency in the remaining error on control costs with perturbations. 

ControUabihty and observabihty of the physical properties of the flow field 
are dual quahties of a given control or observation, one helping to define the 
minirmim number and location of sensors, the other the minimum number, 
the location and the optimum shape of actuators. As short will be the wanted 
response time of control, as large will be the needed mnnber of actuators 
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and sensors. This number is anyway in proportion with the complexity of 
the flow field involved in the transient trajectory. When crude mesh is used 
for evaluation of the control after observation of the flowfleld from sensor 
data, crude control is generated (Bardos et al. 1991). Finer discretization 
means finer possible actuators and reduced energy required for control, but 
multiscale physics are then more involved in self-amplification of the action 
of the actuators. Specific multiscale imsteady modeling is therefore needed, 
and its pay-off will be net increase in the quahty of the control. 

The control may be evaluated step by step from an explicit computation 
of the solution of the basic equation in time and of the adjoint equation in 
reverse time from the targeted final state. Iterative control gives computa- 
tion of optimal actions of actuators. The number of phenomena present in 
such computation constrained by boundary conditions wiU be at the level of 
complexity allowed by the discretization, and the quahty of the control. True 
multiscale approach is generally required if the cost function is related to the 
properties of small scales such as mixing length, local pressure, skin friction 
or heat transfer. But multiscale approach is also required when small energy 
is available for control. Then the actuators have to rely on integrated effects 
coming from self amplification of perturbations and on nonlinear coupling of 
such effects. Considerations of large energy transfer recovered from external 
flow help to design the system with the level of instabihty convenient to such 
efiicient control. In addition, the time constants of such amplification pro- 
cesses will govern the global time constant of the control in a hierarchical 
way; the transfer requiring a knowledge of the flow at the different involved 
scales, and the determination of convenient multiscale cost function. 

Mathematical Point of View, If we consider a flowfleld and a target for 
the system operating with such flowfleld, a cost function J may be defined 
as distance of a better system state vector to present system defined by its 
state vector y. Then J{yj) < J{yi) is the descent in cost with the constraint 
A • y = 0, which is a symbolic expression of the differential operator A 
applied to the field vector y for fulfilling the Navier-Stokes equation as a 
constraint, the adjoint operator is A* associated with an adjoint vector y 
such that 



<Ay,y> = <y, A* y > b (3) 

The mathematical concepts of control of Navier-Stokes equations are now 
better formalized thanks to the work of Lions and his colleagues in the frame- 
work of Dolecki and Russel (1970). To obtain the control law for going from 
the state 0 to the state 1 will require the help of A and A* . The differ- 
entiation of the cost function J{y,$), ^ being the control vector, gives the 
optimal control, if we solve the direct an the adjoint problem simultaneously. 
It is possible to reduce the optimal control to a suboptimal control working 
only on a t im e step from time t to time t -[- dt and using the formulation 
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of the discrete algorithm of integration in time as an approximation of the 
continuous equation without its complexity. However such approximation is 
not necessary thanks to automatic differentiation of the formulas for math- 
ematical derivation of control vector or of sensitivity matrix in linearized 
perturbation equation. See Ito and Desai (1991), Gunsburger et al. (1991), 
Chacon (1995), and Lions (1971; 1986). 

We may try a reduction of the discretized partial differential operator A to 
a much smaller reduced system (a • |/ = 0) of ordinary differential equations 
by a proper orthogonal decomposition. Then each equation needs a control 
but the coupling between the different equations, coming from the original 
nonlinear Navier Stokes equation, imphes that they have to be correlated. 
If so, outside of perturbations, the dynamical system wnll be put on stable 
orbits and theoretically needs only to be active when perturbations occur. 
However the approximations of real flow by a dynamical system is crude, 
continuous actions are needed and stability may be uncertain. The fact that 
such approach helps to separate the stable and unstable generalized modes 
of the flow field is a very usefnl piece of knowledge for optimizing the system 
of boundaries including actuators. 

The same trend as the perturbations may be mastered by direct acting 
(being locally damped or self amplified by a convective or absolute local insta- 
bihty), the global control may lead to controllable or uncontrollable behavior. 
The general time lag or the parameter residual errors induced in a partially 
controllable system is generated by the controller itself from uncertaiu or 
incomplete observability. The computation of the better action (eventually 
to be balanced with simpler laws of control based on data of sensors as for 
a Kalman filtering in O.D.E.) requires the solution of the Riccati equation. 
Unfortunately this is a P.D.E. with 6 dimensions in space and 1 in time, dif- 
ficult to compute except for a very small domain. One has to confine within 
limits of local specific control of prescribed modes. Targeted control, based 
on selection of coherent reduced state equation, requires also a selection of 
pertinent scales in flow computation (Lions, 1971; 1985; 1986; 1988; 1990; 
1991; 1993). 

Consideration of total energy may also help to identify control problems. 
First importance is knowmg the energy that is under control compared to the 
residual uncontrolled energy able to destroy control by a back-scatter pro- 
cess. Then the control has reduced the energy only in one part of frequency 
or wavenumber range of the flow field. A feedforward effect may appear as 
excitation of convectivefy unstable large scale by perturbations from large or 
small scales when large scales are not properly controlled. A better way of 
scaling energy effects is to carry out an evaluation of energy in parts of the 
flow including vortical patterns from energy evaluated with vorticity and he- 
hcity integrals. For hehcity the Arnold theorem (Arnold 1965, 1966, Wu 1991) 
confirm that stable configuration of vortical flow, in the Lyapunov sense, are 
maintained for extremes of energy in concentrated or diffuse vortical flows, 
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respectively with maximal and minimal energy. High dissipation may then be 
checked by enstrophy increase due to vortex stretching process in turbulent 
three-dimensional flow. 

Present state of the art is far from giving precise mathematical conditions 
or constraints for controllability of Navier Stokes Equation. A review is given 
in Gunsburger (1995) but preliminary partial results are building (see Bardos, 
1992); Furksikov, 1994; Coron, 1996). Recent results by Coron afford precise 
but hmited answers to dual problem of observabihty-controUability. 

Flows are characterized by a mix of local instability and of traveling wave 
dispersion. For wave control, as typified in Helmholtz equation, see results 
by Bardos and Lebeau (1992) and Bourquin (1993). The elementary results 
of mathematical rationalization of control are used in the following chapters. 

Open loop control will apply constant amphtude control without use of 
sensor data related to instantaneous cost function, but feed-forward control 
will close the loop of control by adjustment to upstream identified set of 
parameters and evaluating some approximation of the cost from the sensors 
data. 



Cost Functions and Characteristic Test Cases. General form of the 
cost function may be written as 



J{u,t) = + W^{u)]dt 

Jo 



(4) 



The cost function for going from state 0 to state 1 is J{u,ti) and has two 
parts, one related to the physical realization of the targeted control (^ be- 
ing function of the distance between y and targeted yt), the other to some 
economical cost # of the mastering of the flow field. 

Two parts may be once more identified in ^ as in 3^. The first one may 
be extracted from mean values of distance in y, for mean perturbations re- 
quiring mean deflections Vp of the actuators. The second is characteristic of 
extreme values of deflections for mastering extreme perturbations and dis- 
tances between state 1 and 0. It is clear that the overall economic cost of 
acquisition of a control system is defined by the envelope of extreme needs in 
size, energy input and activity of the actuators. Conversely mean economic 
cost of operation is related to mean activity and on energy requirements for 
the operating hfe, as resulting from integral of activity throughout the service 
hfe. 

This consideration of mean and extreme conditions of operation does not 
appear in the local problem of observabihty. Robustness of observation need 
a sufficient set of well located sensors always in operation. They have to be 
as numerous as needed for covering problems of uncertainties or duphcation 
for failure in extreme conditions. 

In addition to physical and economical costs, an additive term, acting as 
a penalty term, is often needed for inclusion of other intuitive cost functions. 
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these express distance to a desired behavior of the system seen as more glob- 
ally productive, safe or comfortable and with respect to which least regrets 
are to be taken in consideration. Similarly, least regrets penalty may be con- 
strained by margins for unanticipated phenomena, out of sensors location, by 
extreme uncertainties, or in physical cost (mean or extreme residual errors in 
operation) or m economical cost (mean or extreme reference cases for design). 

For evaluation of the control laws minimizing the economical cost, the 
selection of test cases is a major concern in the design and qualification of 
active control of fluid flows. It requires the availabihl^ of multiscale codes for 
the generation of the large coherent boundary conditions in the reduced size 
domain of the flowfield aroimd actuators and sensors system. For example it 
needs the use of a mesoscale generation of realistic atmosphere perturbations 
upstream of experimental or numerical tests. Specific activity of “assimila- 
tion” may be supported by advanced specific codes. If selection of a reduced 
(but pertinent) approximation of complex flowfields (P.O.D. of Lumley or 
L.E.S. filtered modes) is possible, a coherent targeted control may be tested 
on. It may help to analyze the control stiffness with various complex cost 
function. 

2 Turbulence Enhancement 
Using Active and Passive Control 

2.1 Enhancement of Perturbation Process 

Energy Spreading. From an energetic point of view, whatever the spe- 
cific cost function, the control has to be divided by the apphcations between 
control oriented towards the reduction of fluctuations and control oriented 
towards the increase of some property (like heat and mass transfer) related 
to increase of fluctuations at a certain scale. 

If the Reynolds number is sufficiently large, as well as the complexity of 
the flow induced by boundary conditions, then reduction of perturbations 
will be much more difficult than enhancement of gradients. Thereafter such 
control aiming to increase fluctuations is to be considered first, and the rel- 
evant cost parameters are “minimum of energy” for control and “scale of 
homogeneity” resulting from actuators action. Better controls rely on self 
equilibrium of the turbulent scales and on self entrainment effects of the non 
turbulent parts of external or internal flows. 



Denominations. Control of flows are often denominated “passive” when 
no addition of energy is supphed to the system and “active” when there is 
input of energy by actuators in the flow. However in the following analysis 
another denomination is retained. Passive integrated control is related to a 
free system without controller to control the position in time of the actuators, 
and active control is related to a system with a controller, the output of which 




5 Multiscale Active Flow Control 295 

is the targeted position of the actuators. The controller is taking in account 
the knowledge of the state of the system by previous experiments or/ and 
computations and by present outputs of the sensors. 

A “passive” system of control may rely on fixed or free devices added to 
initial design or may rely on specific integrated design (e.g. rotating blade 
mixer enhancing a particular flow pattern). In that denomination frame, the 
vortex generators will be denominated as passive fixed flow control near sep- 
aration of boundary layers and a local “Gaster bump” (bump at leading edge 
of a swept wing for accelerating flow contaminated by leading-edge turbulent 
boundary layer and so regaining laminar boundary layer downstream) a pas- 
sive built-in flow control design. Similarly a slotted part of wing section with 
interrelation with another slot upstream of a shock- wave will be a “passive” 
device. A free-floating vane cutting large structures of turbulent flows in a 
tube will also be also a “passive” device. One of the main ingredients of the 
evaluation of the effectiveness of any active control wiU be its comparative 
value with the best of passive controls and the justification of its added com- 
plexity related to performances. The best passive control wiU then be named 
“passive reference” control. 



2.2 Strategies of Control 

By Force Action. It is possible to identify three paths to turbulence en- 
hancement in a flow when more and more precise action on the flow is built 
and when strong action is replaced by small self-amplified local actions. The 
resulting turbulent fluctuation is u' and it is the sum of contribution of or- 
dered modes Ui and of random fluctuations. 




Forced liirbulence 



liirbulence Seeding 




Seif^AmpliOcation Bracket 
Nonlinear Strategy 



Fig. 9. The three paths to turbulence enhancement: forced turbulence seeding, self 
amplification, and bracket in a nonhnear strategy. 



The first one consist in a strong production of more or less local source of 
intense turbulence that will be convected downstream, if the local instability 
allows more or less local behavior of the flow. Passive means are grids or 
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vortex generators. Active means are relying on added moving blades, injec- 
tions, or moving walls. The proper design of the flow boundaries will help 
to have or retain intended difiusion downstream of turbulent energy injected 
in the local source spots. Clearly such path is irreversible and so specific to 
turbulence enhancement. 



Mode Coupling Used for Action. The second one will rely on control of 
smaller scale structures of flow, and on identification of the areas of maximum 
receptivity of the flow to external actions or perturbations. The energy in- 
jected in the receptive part of the flow need to be in phase resonant with one 
amplified wave to be more effective, if active control is built. The use of acous- 
tic or shock waves may be added to the means of turbulence enhancement, 
but the use of chaotic seeding of turbulent energy (Swanson & Ottino, 1991) 
is no more relevant. Selection of the more amplified waves leads to adjust size 
of passive means for excitation of unstable modes. Such modes are surviving 
to intermittency and low-scale turbulence in the case of turbulent incoming 
flow. Phase adjustment increases effectiveness of active means, asking for a 
precise acquisition by sensors of phase of incoming waves. The persistence of 
induced action in turbulent flow is a major practical and theoretical issue. 



Receptivity Used for Action. The third path to turbulence enhancement 
is to turn control towards the coupling of modes. The process of transfer of 
energy from external flow field to fluctuating turbulent flows rely on nonlinear 
coup lin g of modes that extend in external flow. One mode at least has to be 
saturated or in highly nonlinear increase so that the coupling will be itself 
nonlinear, that is to say that it will extract energy from V u (the gradient of 
external low-frequency fluctuating velocity) by the coupling term it^, u '2 Vu, 
where the nonlinearity of u' will ensure the non-orthogonahty of u[ ■ 
(Linear wave pattern of modal fluctuating velocities, u[ and u '2 for the modes 
1 and 2, causes u'l - u '2 =0.) 

It is clear that the larger the scalar product of fluctuating velocities, the 
larger will be the transfer and also the nearer the frequency of both mode, 
the better the phase adjustment and the better the locking in frequency. 
Then the locking in phase will give the contmuity of production term rel 3 ung 
on the nonhnear coupling behavior. Control has so to be adjusted to act on 
the phase and frequency of more energetic coupling. If a third mode may 
be put in the loop of nonlinear coupling, one builds a generative device for 
highly chaotic source of turbulence that is an extremely powerful mean for 
transfer of energy from external or boundary parts of shear flow to subscale 
turbulence. Such behavior of flows are eventually produced near the wall by 
the first three modes of instabihty of laminar boundary layer as very active 
spot of turbulence. S imil ar behavior may be built in turbulence shear layers 
with transverse vortices generated by passive or active means. A very active 
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set of command of actuators will rely on the bracket strategy of action (right 
side of Fig. 9) . 

In the first segment of the bracket a linear mode is pushed to saturation, 
before actuation of the second mode to its maximum value, the action on the 
first mode can be then released before release of the action on the second 
mode and new symmetric action. The saturation in nonhnear behavior of the 
first mode have not to be effective at the location of the actuator but at some 
station downstream, relying on the natural linear amplification as for other 
modes, but the localization of the interference have to be prescribed. The 
longitudinal modes that are pure hehcal modes, except in the case of cur- 
vature induced amphfication (i.e. Gbrtler-type amphfication), and are con- 
vected with a quasi-constant value of helicity. They may interact efficiently 
with rolling vortices normal to convection velocity: convected alternate in 
sign helicity helps to build nonlinear bracket couphng. 



Reversibility of Action. Only small hnear actions may be almost reversible 
and so lead to minimize entropy production. Wasting of energy appears when 
action is coupled with turbulent flow randomness. Use of near self-damping of 
neutrally stable modes are the more efficient process as being quasi-reversible 
actions; they are quite different of the finer actions for control and reduction 
of turbulence. 

2.3 Cost Function and Heat and Mass Transfer Enhancement 

Constrained Global Cost. The maximization of energy may not be a tar- 
get, being not bounded. Added constraints need to be expressed as limiters, 
and cost function cannot rely only on maximization of turbulence because 
mechanical constraints may appear. If one considers for example a two di- 
mensional mix ing layer, mainly bidimensional turbulence will enhance a 
behavior {k is wavenumber, see Fig. 10). A continuous transfer to low fre- 
quency of the injected energy amplified by Kelvin-Helmholtz instabihty will 
enforce couphng with external flow of mean shear layer. Such transfer may 
put energy in low frequency mechanical parts of the system. A “least regret” 
cost function, (difference to a target in turbulence energy plus mechanical 
energy) taking in account given alternate fatigue-stresses constraints, will be 
the best expression of the global target of the control. A direct control of 
mean stresses may act in the controller for limitation of amplitude. 



Local Homogeneity Indexed Cost. The homogeneity of resulting field of 
turbulent shear stresses may be chosen as the major target to be included in 
the cost function. For example, with sensors of turbulent shear, as efficient 
energy transfer are related to the square of the fluctuations of velocity, data 
of sensors may be taken in a cost function as least regret penalty contribu- 
tors. Results are however very sensitive to sensor position and so preliminary 
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3D 



Fig. 10. 2D versus 3D energy transfer 



analyses of sensitivity of flow to perturbations induced by actuators and of 
sensitivity of the sensors to distortion of the local versus global cost function 
are very useful. Algebraic methods for evaluation of stabihty of flow versus 
perturbations being local and generally unable to survey complex bound- 
ary conditions, the development of new numerical tools for such sensitivity is 
mandatory and complementary to introduction of reduced scale experiments. 
The knowledge of a model, identified with the support of experimental and 
numerical data, may also help to define controllers. The classical dynamics 
property of systems with reduced number of parameters may be recovered 
with convenient diagonalization of sensors and actuator hnear correlation. 
However it is clear, from consideration of the bracket control strategy, that 
such modeling cannot really support advanced self-amplified to nonlinear sat- 
uration type of control. The rejection of some linear flow-structure coupling 
may also be conveniently studied in a linear approach with O.D.E. simplified 
models better than with complete P.D.E. coupled unsteady computation. So 
the addition of homogeneity and mechanical constraints may be done in the 
global cost formation without care of variety of sensors data involved if a 
partial energy decomposition is clearly defined. 



Global Economy Indexed Cost. If we turn to economical constraints, it 
is clear that the energy required for a given efficiency is an index that has to 
be balanced with the complexity of the set of actuators and sensors and of 
the controller itself. Complexity and associated cost are key factors aUowrng 
to justify jump from passive means to complete active control S 5 ^tem. It will 
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be addressed in Part 5. 

Globally, we may keep a typical global cost function to minimize, either 
the performance index or the numerical cost index, or even better the ratio 
of cost C and performance or C/e/ = c: 



C — Cg -|“ Cp 

a ■ Ej + P -Cs + 7 • e/t ^ 

e/ J 

where Cp is the performance index cost, cost of energy input related to energy 
output, Ce is economical index cost (cost of sensors + actuators + controller) 
related to energy output, e/ is the turbulent energy injected in the flow 
domain to be controlled (integral), is the input of energy in actuators, 
Es is feedback input of mechanical energy above stress limit constraints, Eh 
is the defect of energy below mean e / (integral of local defects in the flow 
domain of interest), and a,/?, 7 are parameters for weighting e/, e^. Eh- 

2.4 Basic Flow Characteristics and their Use in Control 

Stochastic Versus Deterministic. There are two basic flow characteris- 
tics which can be used for the turbulence enhancement control: or the quasi- 
random behavior of locally equivalent d 3 mamical system or the organized one 
with multiscale structures. In the quasi equihbrium turbulence, it is possible 
to analyze in Fourier wavenumber the energy stored in turbulent flow within 
a well identified cascade. From the low-frequency part, continuous part with 
a high frequency dissipation, and power law spectra subpart. Then, with a 
forcing energy at a given wavenumber, a statistical triadic coupling extend 
the injected energy in lower and higher frequency, the global energy moving 
rapidly to equilibrium curve. 

Stochastic Mixing. If the flow is excited with two frequencies, the triadic 
couphng, as modeled in EDQNM by Kraichnan, statistically redistribute en- 
ergy. If wavenumbers p and q are fixed, giving birth to the complementary 
wavenumber vector r, a triple excitation is generated, and homogenization is 
better. 

In the case of a specific excitation coupled to the response of the flow, 
the large eddy structure of the flow may be enhanced as a resonator am- 
phfying input excitation. For example an excitation of the Kaan street of a 
c ylin der by transverse movement of the cyhnder will give birth to a three 
dimensional quasi-isotropic wake. An impulsive start of transverse movement 
of the cylinder induce two obhque shedding wave packets, in pattern that 
are similarly excited by sinusoidal movement of the cyhnder at resonant fre- 
quency in Gharib (1993) experiments. Generally, in established turbulence, 
the resonant behavior is without peak in the energy spectra because it is 




( 5 ) 

( 6 ) 
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smoothed by redistribution of Reynolds stress in wavenumber as exemplified 
in Binder and Tardu (1996). For an excitation at the end of the spectra in 
turbulence cascade, same behavior may appear with the forcing issued firom 
the wake of a cylinder in the subscale of a shear layer. Efficient increase ia 
mixing results from the return to isotropy of such forcing at frequency higher 
than the energy carrying scales. That process also reduces the transfer to 
low frequency, and so is an efficient mixing process in small scales, it allows 
devices to be efficient for improvement of the classical mi xing in chemical 
industries with paddle wheel mixer. Another mixing enhancement may rely 
on the couphng between same structures, one being excited (see Lepera and 
Vandsburger, 1997) or excitation of the vortical separated flows (see Nelson 
et al., 1990; Nelson and Eaton, 1996). 

Dynamical Mixing. Another multispectral enhancement of the turbulence 
may rely on equivalent dynamical system. The aim is the destruction of or- 
ganized structure by excitation of the basic attractors of the flow. Two main 
transitions to patterns with chaos are possible, one relying on Hopf bifur- 
cation following Ruelle-Takens scenario and cascade in power spectra as for 
Rayleigh Benard convection, the other relymg on the doubling of period sce- 
nario of Feigenbaum, see e.g. Arg 3 uis (1993). Both patterns may be induced 
by perturbations forcing speciflc equivalent global modes such as the first 
modes of a proper orthogonal decomposition of Lumley. 

The building of low frequency by vortex pairing in a free layer is char- 
acteristic of the natural process that can be enhanced by proper excitation. 
Similarly chaotic advection helps to have efficient mixin g at low Reynolds 
number (see Aref and Jones 1989). 

Transitional Mixing. One can notice successively in a typical transitional 
situation: 

1. Periodic emission of unstable waves. 

2. Growth of low frequency perturbations (see Monkewitz, 1993). 

3. Phase decorrelation of coherent structures induced by perturbations (see 
Ho, 1991). 

4. First vortex merging (1st bifurcating process) and production of smal- 
scale turbulence. 

5. Spanwise fluctuation of resulting merged vortices. 

6. Second bifurcating process with irregular secondary merging. 

7. Irregular spanwise fluctuation in normal and transverse distorted flow. 

8. Third bifrircating process and interaction of the three component distor- 
tions in nonlinear coupling. The nonlinearity occurs in lower speed areas 
(areas of greater relative distortion), near the wall for boundary layers. 

9. Bursting phenomena coming from vortical high-shear engulftnent of low- 
speed vortical flow and external potential flow. Transition and chaos are 
present with vortex stretching and intermittency building. 
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10. Return to isotropy and spectral equilibrium of turbulence generated by 
bursting. Nonlinear coupling of the three component fluctuations follows 
random spots of inviscid engulfed flow. 

11. Estabhshed turbulence with usual behavior and eventually fractal inter- 
mittency. 

This physical description of transition from correlated bidimensional rolling 
transverse vortices to three dimensional turbulent shear layers as expressed 
in Monkewitz (1993) and Ho (1982; 1991) and as schematically illustrated 
in Fig. 28 has been partially supported, in addition to flow visualization, 
by Large Eddy Simulation. LES does support phase 3 to 9 of the suggested 
sequence, if amphflcation is large, but transition to equilibrium turbulence 
need speciflc spectral modehng with spectral redistribution of eddy damped 
random process of transfer by Kraichnan (1976) and S.C.I.T. model of spec- 
tral closme. Matthieu and Jeandel (1994) Bertoglio and Jeandel (1987) and 
Bertoglio et al. (1994) were able to effect a return to classical turbulence mod- 
ehng hke that of Smagorinsky (1963) or k-e models. For a multiscale physics 
homogenization closure is described in Pirormeau’s appendix to Mohammadi 
and Pironneau (1994). 



Numerical Tools for Control. Assuming some validity and generality of 
the process of transient flow as described before, one may notice that phases 1- 
2-3 may not be modeled by reahstic computations due to the length of growth 
of the irregular pattern of a flow. Linearized Navier Stokes solver would be 
good solver for rebuilding the receptivity problem of items 1-2. To control the 
linear perturbations induced by receptivity process need sufficiently small- 
scale discretization, otherwise the control will be turn to the damping of 
saturated nonlinear perturbation of items 3-5-7. 

In fact the control at this 2-5-7 second level (first level is related to recep- 
tivity reduction by artificially increased damping of external perturbations) 
tries to control modal fluctuations of main rolling vortices as if it was in low 
Re 5 molds number range. Such behavior is physically possible, when fine struc- 
ture of perturbations are almost homogeneous in smaU-scale turbulence. An 
equivalent low-Reynolds-number pattern is built by the turbulent Reynolds 
averaged stress tensor. Numerical tests in LES/DNS are therefore mandatory 
before testing robustness versus turbulent fluctuations of any control law. 



Complex Physical Control Building. General control by minimization 
strategy relies on the building of “clean” basic modes of flow, to be maintained 
below the saturated nonlinear amplitude, but at a level allowing bifurcating 
laminar-like behavior. In dynamical system framework, one large amplitude 
orbit is maintained but its attractor basin is stabilized for avoiding transition 
to chaos. Such strategy is called O.G.Y control (Ott, Grebogi and York, 1990; 
Berge and Pomeneau, 1988). Control is effective as far as one large orbit in 
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phase space remain the major large structure of the flow, i.e. with sufficient 
percentage of the fluctuating energy. 

Conversely the present control, for increasing heat and mass transfer by 
properly increased turbulence in mid-scale, wfll use the enhanced large de- 
terministic structure, pushed unto the saturated amphtude by the bracket 
strategy. The successive amphfication of the three secondary modes super- 
imposes chaos on main structures and helps to build an efficient bursting 
procedure (item 9). Turbulent spots feed a large range of wavenumbers in 
the mid-scale or flne scale, and so enhance turbulent energy on aU the spec- 
tra (item 10-11). 

It is clear that stabilization of the main structures to be excited down- 
stream is firstly done by the proper geometrical design of the walls. It reduces 
the perturbations (item 1-2) and increases the phase correlation of main large 
eddies (items 3-4), around the critical points of bifurcation. For example, the 
optimum design of a laminar airfoil requires a careful control of the flow 
near the stagnation point, for an efficient damping of the external pertur- 
bations (low receptivity), particularly in spanwise direction. It also requires 
fixed chordwise la mi nar separation point, avoiding irregular downstream sep- 
aration pattern. Forcing in order to increase downstream turbulence may 
eventually let the reattachment of the separated thin layer take place before 
trailing edge of the wing section. Such complex flow control will lead to a 
better stabflity of global flow thanks to the stabilization of the laminar part 
of the flow and the excitation of the turbulent part for better efficiency of 
turbulent mixing; mean flow pattern has to be regular. Active-passive cou- 
phng may be done by control of modes to be convected on a secondary or 
tertiary fixed device (example of such mechanism in receptivity may be seen 
numerically in Casahs, 1997). 

2.5 Critical Point Design and Control 

One major concern in aerod 3 mamic design is the search for regular flow pat- 
tern whatever the angle of incidence or sideshp. Regular forces and moments 
on a vehicle will therefore be obtained. However the high angle of attack and 
sideslip involved in high performance design has put the challenge of regular 
behavior in domains where biftucations are predominant. With large varia- 
tions of wall separation patterns and of external flow patterns, with shock 
waves and vortex sheets or vortex fines, with bursting and reattachment in- 
duced processes, the challenge would be almost impossible to overcome. The 
control of large main structures in the flow would give robustness and mono- 
tonicity to the flow field at varying angles. That is, it is not necessary to 
search for stabilization of aU large eddies but to stabilize low frequencies 
after first bifurcations. 

Two t 5 qjes of large eddies are generated around the bodies in free flight or 
in ducts. One is induced along separation lines, the other in free shear layer or 
vortical layers. Stabilization of the separation lines may be better done with 
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upstream forced separation than downstream free control. Similarly, shear 
layer or vortical layers may be better fixed in their complex transition to 
chaos and turbulence by upstream forcing. 

We will address the difficult problem of reduction of separation or of 
transition to chaos in the following part. Extension of high turbulence in a 
regular solution is easier to control. In each particular case we wUl always 
have to enhance a large structure and a mode coupling. For jets and wakes the 
strategy of control rely on the excitation of the basic toroidal structure and of 
the normal modes (particularly streamwise vortices). For bodies it rehes on 
helical swept separation (more stable than free bidimensional separation on 
curved surface). For ducts on longitudinal swirl and transverse large rolhng 
structures. Each time it is the critical point concept that gives guidance to 
action. 

Rennie and Jumper (1994) have shown the trading edge control effective- 
ness and its unsteady behavior, and Lee and Ho (1993) experimented with 
the reduction in lift fluctuations by trailing edge suction. Wu and Wu (1991) 
identified the gain in swirl as obtained by suction in the central part of an 
S-shaped duct of square inlet and circular exit. This may also be achieved by 
passive control with vortex-generators (Reichert and Mendt, 1994). 

Large amount of tests of excitation of modes of a round jet have shown 
that mixing may be multiply by a factor as large as 3, when secondary modes 
are excited. Recent results by Urbin and Metals (1997), in Grenoble Univer- 
sity using LES computations, have supported numerically the high efficiency 
of modal unsteady excitation obtained experimentally by Bischop and Chan 
(1996). Active pulsed forcing of turbulent boundary layer at leading edge of 
a wing section has shown (Mochizuki, 1993) that reattachment takes place 
with very small injected mass airflow. 

Passive control by small flaps at the nozzle exit (Binder and DideU, 1981; 
Zaman, 1994) or by cavities for supersonic jet forcing have been successful. 
Also successful, but more complex for the excitation devices, are pneumatic 
actuators that force different modes of the jet, so increasing its mixing for a 
given length. 

Same type of pneumatic actuators have been used for jet and separation 
control. For jet excitation they may be applied on toroidal modes or on three- 
dimensional modes (Jeung et ah, 1994; Suprayon and Fiedler, 1994; Raman 
and Cornelius, 1994). Same strategy was apphed for reduction of separation 
bubble on a flap or a sphere or cylinder (Eric and Fernholz, 1994; Bar-Sever, 
1989; Huang et al; 1987, MacManus et al, 1995). 

For free shear layers, when building vortical shear layers hke leading edge 
vortices, care must be taken of the stationary modes reinforced for specific 
sweep angles of the separation line. Fluctuations in the separation line is in- 
ducing the helicity fluctuations convected in the vortex core. For small sweep 
angles low hehcity precludes shedding, while large sweep induced more stable 
flow pattern. Intermediate sweep generates alternate flow pattern becoming 
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more stable for specific sweep angles easier to control. Theoretical background 
in stability are presently lacking. 



2.6 Noise Generation and Receptivity Control 

One of the main element in reduction of the perturbations relevant to ampli- 
tude of control, is that the receptivity to entropy waves or perturbations is 
generally low, due to the damping process that take place in the initial part 
of each body, it is due to acceleration of flow from stagnation point (or line) 
to bifurcation or separation of large structures in shear layer. Comparatively 
the acoustic waves are of much lower amplitude in induced velocity, but they 
travel through viscous layers almost without damping and their fluctuating 
velocities may be source of downstream amplification, if convenient firequency 
is selected (Ffowcs WiUiams, 1984; Lilley, 1972; Mitchell et al., 1995). Prom 
the time of Binder (1981) and Bechert (86) the components of the acoustic 
sources are better identified from the large structure (Tam, 1990) to small- 
scale shear-layer noise (Moose, 1977) to the screech (Lockwood, 1981) and 
the coupling effects (Viswanathan, 1994). 

Present accuracy of DNS and LES does not allow to compute pressure 
fluctuations for noise generation modeling. However, recent modeling is bet- 
ter than in the past (Sohly, Lockwood and Walter, 1994; Sverdrop, 1996), and 
some reahstic results may be obtained in a duct, where it can be seen that 
instant velocities in the centerline have preferred frequency that are associ- 
ated with large structure of the flow. In aircraft engine exit noise generated 
by supersonic jet, screech tones are major source of noise. So control of noise 
have been tested and some success have been obtained particularly with local 
peaks for given frequencies. 

Large range of loud speakers are available off the shelf from audio-visual 
applications for experiments in laboratories. Acoustic actuators may be there- 
fore very useful for building fluctuations in the part of flows not receptive to 
incoming convected flow perturbations. But acoustic actuators are generally 
to be excluded from major practical engineering design, due to poor human 
ear tolerance to noise at the level of power required. They remain attractive, 
however, for use in laboratory experiments. By acoustic excitation it may be 
easily demonstrated if mode excitations by a controller in phase and frequen- 
cies are efficient as forcing process of the unstable modes of the flow (Huang 
et ah, 1987). 



2.7 Experimental Work in Progress 

Major experimental results are supporting the increase of turbulence or chaos 
by local excitation. A large set of data may then be compared and help to 
understand better the underhned physical phenomena, although much remain 
to be checked. 
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For boundary layer’s receptivity in turbulent flows see Binder and Tardu 
(1990); Joslin and Gunsburger (1995), and in separated-reattached flows see 
Hall (1984); Reisenthel (1985); Bar-Sever (1989); Michizuki (1993); Nelson 
(1990); McManus (1994); Fernholz (1994); Nelson (1996); Papadakis (1996). 

For mixing layer’s development, after the basic experiments of Fiedler 
(1981), Gaster (1985), Ho (1984), and Fiedler et al. (1988), more detailed 
analysis was performed by Buell and Huerre (1988) on stability leading to 
conditional sampling and compressibility analysis from Samimy (1990) to 
Bonnet (1993). 

For jets same two steps lead from Zaman and Hussain (1980), Longmire 
(1984) Lee (1987), to Michalke (1991), after analysis by Monkewitz (1988), 
and to Martin (1991), Kusek (1990), Compton (1992), Jeung (1994), Vuiller- 
maux (1994), Raman (1994), Vandsburger (1997), Bishop (1996), Sverdrop 
(1996), and L.E.S. by Urbin and Metais (1997). 

For vortical flows from Provansal (1987) and Gad el Hak and Blackwelder 
(1987) vorticity and helicity, to Wu (1991), Roussopoulos (1993), Erikson 
(1994), Celik (1994), Park (1994), Blackwelder (1995) and Lee (1996), but 
the stabihty of vortical flows (see Yang, 1996) remains to be better known 
after first major work of Lopez and Perry (1992). 

For cavity flow and its complex acoustic coupling eventually with elasticity 
of walls from Rossiter (1966), Rockwell (1980) to Ovelano (1995), McGrath 
(1996) and Terent’ev (1996). 

For base flow used as a flame holder see McManus (1993), Candel (1992) 
and Gutmark (1994). 

3 Turbulence Suppression 
by Passive and Active Control 

3.1 Strategies of Control 

Turbulence suppression is a very different target due to chaotic nature of 
turbulent flows. Strategies of control need therefore to involve much more 
advanced concepts of control than the concepts put forward in enhancement 
of chaos or in the transition to chaos. 

Four different conceptual strategies seem relevant and may be used with 
increasing efficiency. These are discussed in turn in the following four sub- 
subsections. 



Addition of Local Stabilization. The simplest theoretical strategy of con- 
trol is to spread a large set of actuators and many sensors of different scales 
in the field to be controlled and to let them operate as dampers of instabili- 
ties. In case of boundary layers, the actuators are to be spread better on the 
wall where turbulent spots are building main turbulent structures; due to the 
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saturated modes, that nonlinearly build turbulent spots, the control needs to 
reduce the vorticity ahead of the burgeoning of spots. 

It is not obvious that such action is sufficient, and incoming flow may also 
need pacemaker. The present status of the research has to rely on numerical 
simulation by DNS with a modehng of the controller and of the actuators. 
Simulation is to be developed in the study before the experimental substan- 
tiation. Direct Navier Stokes Solvers are however working in a very low range 
of Reynolds number. They cannot be used for supporting evidence of true 
damping of high firequency or small-scale instabflity as well as for checking the 
increase or the decrease of perturbations. Some numerical tests done by Moin 
(1993), with perfect sensors and the help of an active controller developed 
by Tern am (1993) using optimal control theory, show a signiflcant reduction 
of the turbulent friction drag. Gains of 40 % in drag are obtained without 
the real suppression of turbulence. Partial suppression of turbulence, thanks 
to the avoidance of friction streaks, as the main source of the turbulent sMn 
friction, is a realistic local control target. Large experimental gain might be 
anticipated by this strategy apphed in multiple location, but no interference 
effect between local reduction processes have been evaluated and controlled 
yet. One may also try to move up the turbulent hairpins, reducing their cou- 
phng with high shear near the wall by a positive normal velocity bump, but 
the gains obtained by Lumley (1996) were lost in negative velocity phase of 
the waU displacement. 



Reduction of Sources of Turbulence. An advanced strategy for the con- 
trol of turbulence consists in pacing turbulence where it is produced, keeping 
perturbations low after, and simply adding downstream artiflcial damping. 
The first need is to identify and remove the sources of turbulence. Turning 
back to the description of the physics of generation of turbulence, in addi- 
tion to the standard model of receptivity as presented before, one has to 
consider the catastrophic or by-pass production on local wall irregularities, 
on shock- wave interaction or on mixing with turbulent flow by concentrated 
eddies contamination. The strategy will be to use enhanced dissipation pro- 
cess by passive (grid, divergence of flow) or active (vibrating pads or blades 
. . . ) means. The target is to feed small dissipative scales of turbulence and to 
homogenize the turbulence for kflling large-scale, deterministic intermittency 
where a part of flow is without dissipation. 

It is a bracket control of the sources with the target of first increasing 
dissipation at high wavenumber and therefore using at small scale the ac- 
tions previously described. However, this also requires a decrease of large 
scale structures. Small scale turbulent fluctuations build an equivalent eddy 
viscosity (equivalent low Reynolds number due to turbulent viscosity) and at 
the same time indeed dissipation increase, but possible unstable modes may 
be fed back and only large structures may grow until rebuilding large eddies. 
For example the dissipation of the wake of a cylinder by forced transfer of 
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the turbulent energy to small scale lets the Karman-street large eddies form 
again themselves further downstream. So the control of new main modes is 
to be added to the source of turbulence control, and has to be kept active 
downstream. Such a strategy will follow a bracket strategy: damping (but 
not feeding) of structural modes to smaller amplitude, trying to reduce ac- 
tively their amplitude when they are at their scale in the linear range and 
when passive means may not be efficient (local acceleration, curvature or 
continuous blowing/sucking). The bracket strategy is to be kept on longer 
streamline abscissa as being applied for a Lagrangian control of spots of tur- 
bulence. These spots are always able to birth and increase again downstream 
due to the receptivity to external perturbations (also to be kept by control 
at low amplitude). The forced dissipation of small scales tries to avoid such 
an amplification. 



Local Emptying Hole in Spectra. A third strategy will be to build a hole 
in the deterministic part of the flow (intermittency) and/or in the stochastic 
energy versus wave number curve (Fig. 11). The first target in stochastic 
control is to cut the spill-over effect of the enhancement of dissipative length 
scales. If we consider a dynamical system, with a large number of degrees 
of freedom and weakly coupled interactions between modes, the control of 
large structures alone is not able to damp the system below a modest ratio of 
amplitude. This is so because the transfer of energy to high frequency modes 
has not damped itself and energy stored in such modes are not reduced in 
same amount and feedback large frequency eigen modes by a spill-over effect 
(Bourquin 1996). Such effect is to be expected with flows that have a large 
coupling between low- and high-frequency modes. This may be computed 
through triadic interaction with the Craya equations (1958) for randomly 
sparse eddies, giving the flux of energy to be absorbed for stabihzation of the 
process by a hole in the spectra. 

So strategic an issue will be cutting a sufficient gap of wavenumbers K\ — 
K 2 by active control at their scale that once low frequencies are isolated, 
the control will turn to bidimensionalization of large-scale turbulence that 
may be well controlled because energy is transfered more efficiently in low 
frequency (Fig. 11) and the triadic effect feeding chaotic movement of eddies 
is reduced to dyadic which is easier to control. Bidimensionally controlled 
fluctuations are cutting the path to chaos such strategy may be summarized 
by the transfer to both extremities of spectra towards diffusion (high k) 
and linear control (low k). However, the turbulence gap needs a methodical 
control in the field which is not easy (passive honeycomb filter or active array 
of vanes) to implement and not yet carried out. 



Periodic Paced Flow Enhancement. More advanced strategy has to rely 
on intermittency enhancement in addition to the previous control, using the 
sweeping-out concept coming from the mathematical theory of control (see 
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Fig. 11. Triadic interaction spreading turbulence towards all the spectra 



Coron 1996). If the controllability in the domain of interest of a nonlinear 
partial differential equation is poor or not certain, within the limi t of ob- 
servability given by a large set of sensors for any initial condition, the only 
possible solution for control is to put the initial conditions (in every critical 
subdomain) in the right parameters’ space of controllability. One simple set 
of initial conditions for a final laminarization of the flow field is evidently 
an undisturbed flow field. Such flowfield is only excited by external pertur- 
bations before they are amplified through receptivity effects, giving birth to 
local or total spreading of spots of turbulence. So the sweeping-out concept 
(or basin emptying) is a dynamical control where the source of turbulence or 
perturbations are swept out as soon as possible. The laminar intermittent do- 
mains that are generated are to be kept under control for fillin g downstream 
the whole domain. For example, in turbulent boundary layer this strategy 
will lead inviscid flow feeding of intermittent laminar subdomains coupled 
with a systematic suppression by suction of high shear layer near the wall. 
Avoiding a control of turbulent waU structures in order to avoid the perhaps 
intractable high-shear coupling needs putting out of control the flow near the 
local burst of an hairpin vortex in high stretching and its coupling transverse 
modes. Similarly, the high sheared parts of a wake or the center of a Karman 
vortex street with small vortex filaments inducing transfer to chaotic flow 
difficult to control would have to be sucked out in such strategy. On a wing 
section, within that strategy, the shear layer generated at separation line wiU 
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be sucked out locally near the leading edge. Sweeping out concept will be 
applied where the flow is extremely unstable, and a blowing fixed jet will 
feed a concentrated vortex from a new shear layer allowing an inviscid stable 
domain underneath the vortex without Kelvin-Helmholtz instability, much 
easier to control (Fig. 12). Excitation of two convected modes may also lo- 
cahze interferences and local generation of induced stationary modes where 
needed. 



Steady 

^ Separated 





edge. 



3.2 Applicability of the Strategies 

Basic Actions. Outside of the periodic curing of control domain by sweep- 
ing out tm-bulent spots the other strategies are addressing the control along 
three basic possible actions: 

I. Dissipation of a local spot of turbulence. 

II. Creation of a gap of low energy in the spectrum. 

ITT. Direct control in space and time of catastrophic coupling. 

Perhaps the level III is intractable if the flow outside the location of the 
catastrophic event is not convectively stable or absolutely stable and/or dis- 
sipative turbulent cascade is unable to damp low frequency large structures. 
Perhaps the level II is intractable because the needed gap width in frequency 
is too large and requires difficult phasing of controls. Perhaps the level I is 
intractable, outside of a better knowledge and observabihty of the flow field 
near the critical location at the wall. 

The simple “passive” answers to the strategic issues may be exemplified 
on a flat plate in the following Fig. 13 with the successive devices: fine struc- 
ture grid, honeycomb filter, bidimensional curvature and local suction. The 
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complex “active” answers would be similarly a moving grid screening the 
turbulent spots, a set of control vanes dampiug in a small bandwidth the 
fluctuations of the flow, a near the waU control by suction and blowing by a 
set of holes controlling the vortex generation at the internal boundary of the 
boundary layer. 







Screaning 




Fig. 13. Reducing turbulence in flow by high frequency dissipation + low frequency 
control. 



Studies are to be developed on the following technological items for sup- 
porting such possible applications of the previous strategies. 

Technology and Fluid Mechanics Studies. The major constraints on 
mechanical devices are clearly related to their cost (development and procure- 
ment cost for feasibility and affordability). Problems of scientific knowledge 
may delay or postpone their development: they are questioning the validity 
of the design tools for such studies, either experimental or numerical. The 
perturbations that a controller would have to withstand in real operation are 
to be simulated at the correct level of amplitude and spectral distribution. 
Good simulations are therefore not easy to validate. Experimental tests are 
done always with too low Reynolds number in wind tunnel. Numerical tests 
have always too high numerical dissipation built in solvers, has poor absorb- 
ing conditions on the boundaries or are not able to simulate generation of 
real quasi random perturbations. 

The first studies to be advanced, in parallel to the validation of experi- 
mental and numerical tools, as seen necessary today, are related to specific 
works of technology needed for the control of fluids. Work for design of easier 
to control shapes and for easier to built controller and cheaper actuators and 
sensors and for their better locations. Always hidden behind such studies is 
general problems of controllabUity. Design for better or simpler controllable 
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systems address the problem of observability and also the selection of tech- 
nology of sensors convenient for the cost function to be minimized. Sensors 
are to be specific to local or integral values of skin friction, heat or mass 
transfer, and pressure or other fluctuating physical parameters. 

Specification of the cost function is a major concern for the apphcations. 
Whatever it appears as specific to each application, it generally involves a 
positive action to reduce fluctuations and a penalty for economy and safety. 

Skin friction and heat transfer are convenient local measure of quality for 
wall boundary layers, diffusion for wakes and mixing layers. But global turbu- 
lence energy consideration is often the unique integral design parameter. The 
questions of stability or decoupling with other phenomena (vibrations, aeroe- 
lasticity . . . ), and of robustness of control versus “acceptable” fluctuations 
of the incoming flow are part more generally of evaluation of “acceptable” 
uncertainties in the environment of the system. That evaluation has to be 
the same for the system itself and for its modeling. 

Behind all these scientific problems is the practical problem of certification 
or qualification of a passive or active system and of its “acceptability” and 
affordabihty with realistic improvement of performances. 

3.3 Control of Flows with Internal Mode Coupling 

Mono dimensional Problem. Practical controls are very different if they 
include monodimensional, bidimensional or tridimensional coupling. The bound- 
ary conditions force each coupling as may be seen in the three following 
examples of graduated difficulty. 

Considering, as a monodimensional problem, the interaction of mass flow 
entering a tube (with turbulent or irregular or chaotic fluctuations in time) 
and of the sound emission coming from exit of the tube in stationary or mov- 
ing atmosphere. The problem is the exhaust tubes of cars or, more complex, 
problem of the chemical reaction chamber with elongated shape in the di- 
rection of the flow. It is clear that, outside the three-dimensional entrance 
and exit flowfield, there is a monodimensional coupling phenomenon between 
acoustic fluctuation of pressure, combustion or heat transfer and irregular 
infl ow in the tube. For flows without combustion it is easy to compute an 
impedance for fluctuating velocities in the tube, to know the basic time con- 
stant of acoustic waves propagation (McManus et al, 1993) and to adjust 
the movement of a valve (obstruction of the flow or upstream incoming mass 
airflow control) for reducing acoustic emissions. By controlling pressure near 
the exit tube, it is easy to obtain reduction of more than 20 db; it has been 
achieving deriving control law from the monodimensional equation for flow. 
Similar results may be obtained with combustion in the tube, as far as a 
single monodimensional fluid mode is to be controlled while coupled together 
with linear acoustic modes. However, it is a stiff problem from the fact that 
the pressure- velocity relation at any position in the tube is modified by the 
command of the valve (subsonic flow). Noticeable are the periodic peaks of 
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massflow and its multiple resonant harmonics, requiring multi-frequency con- 
troller. 



Bidimensional Problem. If we turn to a bidimensional cavity flow we have 
now to consider more complex problems of interaction of acoustic and viscous 
modes. On the monodimensional acoustics, the generation of the shear-layer 
tones interacting with cavity resonant modes is first added. Then the fre- 
quency for filling in or out the cavity and the frequencies of shear layer im- 
pinging on its downstream edge where there is low-speed compressible fluid 
are added to the sub-harmonic frequency coupling of the cavity and shear 
flow. Some coupling effects may also appear between the acoustics and the 
entropy modes as well as between the control and the uncontrolled filling of 
the cavity. Moreover, the intensily of radiated noise, generated at the imp- 
ingment of shear layer on the downstream step of the cavity, is fed by shear 
layer large eddies structure. But again the radiated noise brings instabihty 
to the shear layer and the amphtude of its fluctuations. Such flow requires 
control that may counteract external bidimensional waves, because they are 
highly distorted by tridimensional effects as by compressibihty effects. 

Bidimensional control may be recovered with locally three dimensional 
flow, if turbulence enforce “subgrid” or subscale turbulent isotropic dissipa- 
tion. The bidimensionahty may be destroyed locally by roughness, as by a 
succession of small bumps. In a tridimensional bump problem, the hehcily 
built in the vorticity layer contouring the bump is fed by hehcity in the bound- 
ary layer shed off the bump but it is dissipated in 3D-turbulence and only 
influences stability and size of separated areas after the bump. The recep- 
tivity problem is of main importance, in the evaluation of the perturbations 
level and of the amphtude of the oscillations of boundary layer thickness 
and vortical flows superimposed. The control of the fluctuations of incom- 
ing flow is so related to the tridimensional receptivity (Fig. 14) if it allows 
stationary modes to appear when curvature is sufficient (Gortler instability) . 
Bidimensional control is only possible if remaining hehcity is not feeding such 
three-dimensional modes. 

The effects of compressibihty are important: as multiple 2D modes appear 
and so nonlinear processes shah appear sooner and have stronger influence 
on linear amplification (Fig. 15). Simple control with suction have a large 
effect on such unstable processes and on the transition location, it reduces 
secondary three-dimensional effects. 

If we turn to the analysis of the bidimensional transition from 2D Tollmien- 
Schhchting waves to 2D turbulent flow, and to the control of the perturbation 
velocity by suction and/or blowing in a 2D slot, we can check that the per- 
turbations in the field issued from the slot control are propagating upstream 
as weh as downstre am . Therefore the control has to counteract upstream per- 
turbations which are generated by blowing or sucking through the slot (Fig. 
16, from Gaster and Carpenter, 1994). 
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Fig. 16. Upstream perturbation generated by slot control of Tollmien-SchlicMing 
waves. 



Nonlinear control may be very powerful on such 2D self-perturbed flows 
either by the use of an intermittent control action, or by control of aU periodic 
modes as perturbations of the basic mode used as a driven oscillator. O.G.Y. 
method rehes on the alternate action of a stable mode and of an unstable one 
driven by the other m an alternate stable couplmg. This is easily mastered 
in a bounded domain like with the basic mode in a channel flow (Ott et 
al., 1994; Keefe, 1993). Some comparative work with a D.N.S. solver has 
been done in Dassault Aviation on the control of the vorticity generation 
at the entrance of a two-dimensional channel flow, where the complexity 
of the flowfield is much larger that in a duct. It appears that the coupling 
between internal and external flows are of major importance so that it is at 
the lip that control by suction needs to be apphed. Computation requires 
fine grid for the rebuilding of experimental turbulence level in the channel 
flow, but the turbulence control is not itself attained. Control succeeded by 
the suppression of irregular vortex emission feeding turbulence. Generation of 
turbulence is, therefore, better controlled at the source by direct suppression 
of the separation on the hp. 



Tr i dim f^n.sin nal Problems. Tridimensional computation by L.E.S. code of 
Lesieur (1995) gives the explanation of turbulence feeding in the tridimen- 
sional structure of the real flow (Fig. 17). Main vortices generated on the 
hp added hehcal pertxubations by structures parallel to the external velocity 
and couphng building the tridimensionalization of the separated flow. 

Similarly if we turn back to the cavity flows, experimental evidence show 
sensitivity to tridimensionahty in the turbulent rotational flow in the cavity 
whatever the fact that apparently (as obtained by Fourier analysis) the aeons- 
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Fig. 17. LES of separated flow on a 2D ramp 



tic basic modes are mainly two dimensional, or monodimensional. Such be- 
havior comes from the dissipation of the non-resonant acoustic waves between 
the left and right modes. The vortical flow distortion by lateral walls help 
the turbulence not to remain bidimensional as is required by the tridimen- 
sionality of the vortex stretching process. On Figs. 18a and 18b experimental 
results obtained by Antonov et al. (1990) show a general turbulent trend to 
tridimensionality as exemplified by acoustic pressure spectra without large 
resonant peaks, for cavity as for upstream step or backward step. Therefore 
active control of the unstable Kelvin-Helmholtz modes of shear layer closing 
a rectangular cavity (Fig. 19) is able to reduce the monodimensional acoustic 
peaks and their detrimental effects on the shear layers but not the three- 
dimensional turbulence generated at lower scale in the reattachment region, 
at the beginning of recirculating flow on the downstream wall, where peaks 
of acoustic pressure appear (Grath and Show 1996, and Antonov 1990). 

The analysis of aeroacoustic instabilities, generating the large perceived 
noise, shows that sound generation is correlated with the separation of the 
flow in large incidence. It is possible to identify the primary sources of noise 
at the trailing edge or at the separation line, with an exponent of the scaling 
effect versus the frequency of primary tones proportional to the 8*^ power 
of the velocity. The generation of three-dimensional acoustic perturbations 
is complex, being on smaller scales than energy carr 5 dng large eddies. The 
direct control of noise generation would be very difficult as related to ran- 
domly sparse extreme distortions (peaks in Dalembertian local value). A bet- 
ter strategy would be to reduce large distortions that build the local peaks. 
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Fig. 18. Cavity pressure fluctuation analysis (comparison with step and ramp flow) 



This is not quite different of the control of the flow instabilities that gives 
birth to the sources of noise, whatever the fact that damping large structures 
induced by flow instabilities is limited but efficient. See Sunyach and Ffowcs 
Williams (1986); Galland et aL (1991); Bera and Sunyach (1994). 

It therefore appears that an action on the singular separation or reattach- 
ment processes, is the best strategy of control of main turbulent parts of a 
flow. The more efficient way of controlling separation is to fix singularities 
to maintain bi dime nsionality and to act on the unstable modes of the shear 
layers they generate. A large quantity of tests are supporting such evidence. 
However, the selection of the best velocity control and microblowing loca- 
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Flow Direction 

^ Approaching Boundary Layer 





Fig. 19. Active control of rectangular cavity noise 



tions is difficult, whatever the fact that it is in direct relation to the flux of 
velocity gradients feeding the large structure of eddies. All is beginning in 
the small thickness of boundary layers generating the separated shear layers. 
A classical example is given by the control of the unstable flowfield around a 
conical nose at high angle of attack. DNS or LES computation are now able 
to rebuild major characteristics of such flow (Lee et al., 1996). 

3.4 Direct Control of Separation 

If we turn to separation on a wing leading edge, where the boundary layer is 
very thin, we can only rely on Microsystems or MEMS for action of the size 
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of structures of incoming shear layers. Any large scale action with use of large 
blowing jets wiU be destroying mid-scale structures of the flux of inco ming 
rotational flows. The amplification effect of the shear layers are alone, on 
a complete aircraft, so powerful as to build wing-rocks or large pitch-up or 
pitch-down movements. Use of large “by strength” blowing to control the 
vortex sheets, before or after its rolling up and its bursting, may lead to very 
large energy requirements for the control If the control is done late in the 
downstream development process of the large vortical flows induced on the 
wing it requires energy of the same importance as the vortical flow to be 
modifled. The direct “in strength” control is to be avoided whatever the fact 
that it may then be done at the low frequency of the flight control systems. 
Large blowing effect may be used as a test of reference for more refined control 
effectiveness, defining more favorable flow patterns to be generated by more 
refined self amplified mini-actions. 

Two self-amphfied mini-actions strategies are conceptually promising; 

— The former relies on reinforcement of the skin-function near separation, 
by excitation of the inner part of turbulent boundary layer, leading to 
the reduction of the shape factor of the boundary layer and delay in flow 
separation and control of separation point. 

— The latter rely on the control of vorticity and hehcity convected down- 
stream by the shear layer generated at separation. This may be used for 
modulation of vortex-induced flowffeld on the boundary or seif-induced 
vortex breakdown location control (see Lopez, Perry, 1992). Both con- 
cepts are building enhancement or decrease of global turbulent energy 
but more complex target is anticipated (see Wu, 1991; Yang, 1996). 

4 Problems in Practical Design 
of Flow Control Systems 

4.1 Introduction to Engineering Problems 

The scientific problems that engineers have to manage in the design and 
development of flow control systems are largely under-estimated. However 
acceptability of the concept is meeting some reluctance. Confidence is not 
always present when, an active flow control system is anticipated for a given 
application, concurrently to simpler design. For many engiueers the antici- 
pated strategy for this new design is derived from the concept of “miniatur- 
ization” or “subscaling” of “by strength” control. Obviously that strategy is 
no longer efiicient for facing new paradigms underlined in flow as in control. 

However the problems to be solved are not without conceptually tested 
solutions and a great part of the addressed problems will be in line with 
a good methodology of development. Some of this problems will be better 
solved in the future if more basic research is done, taking in account their 
specificity. 
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The problems to be solved are to be put in a general framework answer- 
ing to two different sets of questions. The first set is related to the usual 
demonstration of feasibility and ability to be. affordable, the second is related 
to the capability of such new sj^tems to be quahfied for their robustness and 
flexibility for the product hfe cycle. 



4,2 Problems of Methodology 

Four Steps Methodology. The first necessity in development of active flow 
control is rational methodology. Four periods are to be discriminated in the 
studies plus production of an active flow control system: 

— Conceptual studies: such studies has to cover the proof of concept work. 
Industry and research teams have to organize coordinated research works 
plus experiments to validate the concept and its technology. Less detailed 
or subscale designs within relevant flow parameters range have to antic- 
ipate that operation will be easy to do and support and that operation 
failures are conceptually not critical. 

— Feasibility studies: for such studies, experimental tests are needed with 
reduced size and range of parameters but with a validation of exten- 
sions to real size and practical operational parameters. The economic 
cost of fabrication, operation and environmental acceptance should also 
be included. Of major concern are the uncertain evaluations relevant to 
risk-performance affordabihty for the venture and the prediction of pro- 
gramatic flexibihty. 

— Development studies: such studies need a set of comprehensive simulation 
tool by real hfe tests and/or virtual simulation of extreme conditions of 
use, with and without failures in simulation, including man interaction. 
These support the detailed design work and the necessary evaluation of 
critical design points. 

— Fabrication and delivery. 

In parallel to design and production studies there is a need to include the 
development of an “acceptance” program as far as confidence is to be built in 
such advanced product, because it is more or less soundly assumed by main 
possible users that “manipulation” of flow may be a dangerous process. Due 
to turbulence fluctuations and sensitiveness of metastable flows to external 
random perturbations, robustness afforded by a better mastering of passive 
natural multiscale bifurcating flows has to be well perceived. This has to be 
a step in technology beneficial to user, not only in performance but in safety. 



Acceptance Program. It is that acceptance program, founded on a better 
evaluation of uncertainties and risks, that will specify a target robustness 
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associated with the new level of performance. It is to be built from the con- 
ceptual studies and need collaboration of research and industry, from the con- 
ceptual studies to the training of users and vendors. The use of advanced de- 
sign tools, including computational virtual products and experimental bench- 
marking of representative tests, are mandatory in the acceptance program by 
certification authorities and users. Their evaluation, or at least the checking 
of program consistency with in-time dehvery, are to take place before inter- 
nal industrial go-ahead, because the virtual demonstration of a new level of 
mastering of flow, characteristic of “control,” is a central issue. Clearly the 
absolute mastering of complexity of real turbulent flows may remain for a long 
time an incredible target. The practical experimental-numerical demonstra- 
tion has to be done by reference to a passive, uncontrolled, no more totally 
mastered “reference system.” 



Conceptual Methodology. Conceptual studies are the major location of 
scientific cooperation between industry and research because the real prob- 
lem of conceptual methodology needs to be sufficiently focused on affordable 
solutions. Otherwise, designs will be too costly either due to the cost of too 
numerous and complex actuators and sensors or due to the cost and time in- 
volved in research studies. Conceptual studies are basically multi-disciplinary 
studies. They ask for a multiscale approach not only in physics of flow and 
hardware but on the coordination of the different laboratories involved in the 
conceptual demonstrations. Probably a set of various scale demonstrations 
has to be done. It will include superscale tests with enlarged devices for better 
understanding of the microphysics and validation of modeflng for feasibility, 
before real-life global multiscale vahdation. 

4.3 Basic Problems for Design 

Sensor Specification. Basic problems appear in the control system and 
in its parts, but first in sensor selection. Sensors may first be selected as 
offering the better compromise between their number and position and their 
accuracy. Unfortunately there is no real experimental sensor of the state of the 
dynamical system in fluids except with mtrusive and very complex devices. 
What would be needed is: 

1. Local maximum vortex stretching detector. 

2. Local mode amplification detector. 

3. Detector of balance of momentum and energy production, diffusion and 
dissipation in a bandwidth of wavenumbers. 

First and last detectors allow to check turbulence behavior, the second 
gives the receptivity to perturbations and active mastering from local ac- 
tuator. The “approximate” sensors detect gradients in pressure, velocity or 
density but generally in one dimension and not as a tensor, and heat fluxes or 
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shear stresses in the field or at the wall. Gradient sensors are generally assem- 
bly of elementary pressure and temperature sensors. Correlation between the 
“correct” sensor and a simphfied sensor (e.g. pressure difference, heat flux, 
. . . ) may be obtain by computation, for a set of different resolution of Navier 
Stokes equation with varying boundary conditions. Cost trends (complexity, 
development, production, technology) will help to identify the cost/quality 
acceptable ratio for the sensor specification, particularly in reference to a 
low-cost, off-the-shelf, multi-purpose, industrial sensor. 



Actuator Specification. Actuators are conceptually of three types. Defor- 
mation of the wall; mechanical protruding devices like flaps with variable 
angle of attack in the fiowfield or near the wall; blowing and suction of air 
through holes of different shapes. The actuators are of large surface and 
deflection or of small surfaces. They then rely more or less on self amplifi- 
cation of perturbations near the wall. Problem of cost/efficiency is also the 
main driver in the specification design of actuators, particularly with a large 
number of devices working in a coordinated movement. The precise relative 
position and the large bandwidth of efiicient activity are specifications pa- 
rameters checked once the reliability is demonstrated. Rehabihty demonstra- 
tion assumes the knowledge of design envelope particularly for the external 
perturbations and environmental aggressions (sand, dust, . . . ). 



Controller Specification. Controllers are intrinsically either of simple de- 
sign (linear matrix of local command or control with a given outphasing 
relative to local measurements) or much more complex with computation of 
amphtude and phase of a set of actuators in a coordinated way. The sim- 
ple controller uses a knowledge-based building of controlled variables. Some 
good estimation of the state of the system may rely on neural network learn- 
ing process and similarly on the side of controller output on a set of variables 
given by an empirical semi-hnear approach. One or two significant param- 
eters may help to adjust control laws to variables conditions, so budding a 
feed-forward control, relying on those parameters measured in the incoming 
flow before actuators. On the side of the complexity it is possible now, with 
the speed and memory of new chips, to directly solve a P.D.E. with reduced 
number of discretization points and boundary conditions with “assimilation” 
fed by refreshed initial conditions taking in account the upstream measured 
parameters. Such computation of direct and adjoint problems will give a more 
elaborate estimation of the optimal setting of controlled variables, increasing 
quality and robustness. Moreover the cost function to minimize may be tak- 
ing in account quahty and robustness of the control. With reduced numbers 
of discretization points, a good modelmg of multiscale effects is needed, with 
the time frame adjusted to phenomena to control. Between this maximum 
P.D.E. controller and the simple quasi-hnear evaluation of output versus in- 
put as given by sensors, there is a lot of intermediate modeling of the system 
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as a P.D.E. with reduced number of d5mamical variables. Cost of controller is 
in relation with its simphcity. If real mean flows are not complex, a minimum 
of complexity of controller is however required with regard to the complexity 
of flowfield in unsteady evolution. Targeted cost/quality of control may also 
need an advanced controller for reduction of size and number of actuators 
and sensors cost, or because the control is stiff. 

In particular the time and cost for design of the controller and of the 
complete coherence of sensors, actuators and laws of control dehvered by the 
controller may be the economic driver leading to selection of the complete 
system. This is to be done always in reference to a passive system. 

4.4 Design for Qualification, Certification 

Pail Safe Design. Major elements against decision to implement an active 
flow control system are related to anticipated problems of failures in service. 
A passive system addition is generally not supposed to lead to added fail- 
ures and therefore not to increase significantly the cost of operation and of 
procurement. However, new devices are requiring sometimes specific care for 
keeping the system in good operative conditions. For example, external smart 
skins devices are easily destroyed by dust or internal open cavities devices 
have holes filled up during operations. Taking in account the specificity of an 
active system versus passive reference system, development of a new active 
control system need first to address a comprehensive demonstration of safe 
operation. It includes two items to be validated for aerospace vehicles: 

— The robustness of the active system in the flight domain for aerod5mamic 
control of the flow around the aircraft with perturbations. 

— The ability, in case of failure to return to a safe operation in some “de- 
graded” mode with the system being “inactivated” and actuators in their 
“failure position.” 

An active system might take in account reduced set of sensors/ actuators or 
the reduced complexity of control laws with the controller partially inopera- 
tive. 

The simplest system is in passive degraded mode where the actuators no 
more move. It is the safer mode, with loss of the performances afforded by 
active control, but it is practically extremely difficult to implement outside 
of very simple cases. Generally it is needed to stop controllers in a specific 
position at least, for example active small blades may become fixed vortex 
generators. More complex is the case where a specific action is needed, be- 
cause the system operate safely in a larger domain of parameters with active 
control, and so need to return to a smaller domain of allowed parameters 
by an automatic sequence of controlled events with or without the pilot in 
the loop. For complex systems, the complete failure is avoided by detection 
and correction of failure on actuator, sensor, controller (on complete system. 
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there does exist specific actions aiming to operate without the non-operative 
equipments). The design effort is then to be directed towards the duplication 
or triplication of critical devices and their continuous test. 



Qualification. The former analysis for the requirements of safety demon- 
strations of active flow control system favors the following rules of design 
and qualification: 

— Sensors and actuators are to be large in number in order to reduce the 
impact of failure. 

— Sensors, actuators and controller need to have their internal test of good 
operation and switching-out procedures. 

— The extension of the domain of operation need specific procedures for 
safe return to passive system domains. Qualification has to cover the 
performances with and without failure as two states of the systems with 
control in active or in degraded mode. 

— Heuristic or non deterministic systems are to be replaced by deterministic 
ones for clear demonstration of uncertain effects; e.g. neural network used 
in prehminary studies are to be replaced by deterministic codes giving 
same output for tested parameters. 

— Numerical and experimental simulation of robustness of the system to 
external perturbations and internal failures or uncertainties is to be built 
at the preliminary design stage for correct appreciation of risks and errors 
in the major design drivers. 



Reference to Nature. The reliability and performances of active flow con- 
trol are not to be underestimated because a lot of natural functions are using 
it from the flight of insects to fishes’ upgraded performances and efficient flow 
mixing for biochemistry. It is clear that, without the added level of perfor- 
mance and robustness of active flow control, many vital biological functions 
would be impossible. 

Acceptance of active flow control may therefore have reference to natural 
robustness. 



5 Parting Remark 

One major output of the research for design and operation of future active and 
passive control systems is an increase of knowledge of how multiscale flows 
are working. Real unsteady flows are a mix of stochastic and deterministic 
and of local and global behavior. Better knowledge of such multiscale flows 
will help also to master better and to design the uncontrolled systems and 
identify the real uncertainties and the real boundaries of safe operations of 
present industrial products. 
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Abstract. In this chapter major principles, methods and possibilities of control of 
free turbulent shear flows are explaiued. In the first part we present and summarise 
general characteristics of free shear flows and the whys and hows of their manipula- 
tion. The subsequent two parts are focussing on the three classical configurations — 
jets, wakes and mixing layers, where the major and largely established ways of 
controlling those flows for specific goals and piuposes are discussed in some detail. 
In the foiuth part combinations of classical free flows and of free and waU-bounded 
flows — complex scenarios of growing practical interest — are dealt with. Some of 
their characteristics are discussed and ways and possibihties for their control are 
shown. 



1 Basics and Principles 

1.1 Introduction 

Observation of nature may provide valuable inspiration and insight into 
flow control mechanisms: Nature has — over many mfllenia of optimization — 
achieved and developed some amazingly elegant and efficient ways of flow 
control, the most widely known ones being the control of wing-flow of birds 
and the drag reduction mechanisms found with aquatic animals — particularly 
the dolphin and the shark. Some of the underlying principles are as yet still 
incompletely investigated and understood. 

In recent time this topic has again been revived for two reasons: It is on 
the one hand a scientifically logical extension of the coherent structures re- 
search of the last two decades, and on the other hand the need for improved 
technical processes wherever a turbulent flow is involved, as well as the ubiq- 
uitous necessity for reduced energy consumption (e.g. drag reduction), which 
has economical as much as ecological implications. In the following we shall 
discuss major developments of recent in some depth. We shall — after a gen- 
eral introduction of the physical phenomena and principles involved— discuss 
specific flow scenarios in the light of their susceptibility to certain ways of 
control. 

1.2 Description— Typology and Characterization 
of Free Shear Flows 

We shall first establish some basic understandings and agreements. Thus the 
most basic question is: 
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What are free turbulent shearflows?~to which a very general answer is 
readily given: Those are flows with a mean velocity gradient and free bound- 
aries. A more detailed yet still general characterization has the following 
speciflcs: 

— freely convoluting boundaries intermittency) 

— ‘simple’, freely evolving (coherent) structures 

— mean velocity profiles with one or more inflection points (-^ Kelvin- 
Helmholtz-unstable) and with asymptotic limi ts 

— (mostly) constant momentum integrals 

— Re-number independence 

— decaying or with permanent ‘drive’ (as e.g. in a mixing layer) 

To simplify and standardize the infinite number of possible flow config- 
urations it has for long time been customary to distinguish between three 
classical abstractions, which are sketched in Fig. 1. They may be seen as ba- 
sic building blocks or moduls of essentially all more complex configurations. 

1.3 Control Versus Management 

In this context the term flow control is used iu a relatively well defined and 
hmited way, distinguished from influencing a flow purely by design or by 
what we may call management, signifying a method of treating or trimming 
(‘tailoring’) a given flow to fit a desired specification, as e.g. 

— in windtunnels to suppress background turbulence, or to create a pre- 
scribed structure, or 

— to simulate an atmospheric boundary layer flow for model investigations 
in architectural aerodynamics. 

Some possibihties and limitations of turbulence management are discussed 
by Nagib and Corke (1984a), Nagib and Marion (1984b), Co unih an (1969). 

Plow control proper on the other hand is a process or operation by which 
certain characteristics of a given flow are manipulated in such a way as to 
achieve improvements of a specific technical performance. 

Thus, control acts typically indirectly via structures and their behaviour, 
which obviously necessitates an intimate knowledge of the latter. It is efficient 
and not immediate, since it is based on a flow development initiated by 
internal amplification of a small ‘tailored’ disturbance. 

Management on the other hand describes a rather direct, immediate ma- 
nipulation of the flow, for which in most cases no detailed knowledge is 
needed. An example for mangement is the reduction of turbulence level by 
screens or honeycombs. Figure 2 shows another, however related, apphcation: 
the destruction of coherent structures in a jet by screens or honeycombs (see 
also Yajnik and Acharya 1977; Nieberle 1986). 
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JET 




WAKE 



MIXING 

LAYER 




■^COMBINATIONS THEREOF 

Fig. 1. Three basic modules of free shearflows. 



1.4 Some History 

Obviously, control is based on detailed knowledge of turbulent structures. 
Since when dates our knowledge of those? Here are some cornerstones in 
chronological succession; 

— Boussinesq (1879) — ^introduction of the concept of turbulent viscosity 

— Reynolds (1883) — ^the very beginning of the turbulence concept and it’s 
mathemetical treatment; the phenomenon of transition 

— Prandtl (1961) — phenomenological models, boundary layer theory etc. 

— V. Karman — ^theoretical foundations 

— Taylor (see Batchelor 1969)^ — statistical theory 
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Coherent energy content: 
(10% in undisturbed case) 



15 Xo/Dg=100 




Fig. 2. Destruction of coherent structures in a jet: an example of flow management 
(Nieberle 1986). 



In later years turbulence research became too widespread and diverse so 
that it is no longer possible to name individuals but rather concepts and 
methods which provided and signified progress. Thus, from 1960 on we ob- 
serve a renaissance of phenomenology, which, among other things, led to the 
development of conditional samphng methods in experimentation and, in this 
context, to the discovery of coherent structures as a backbone of turbulence. 
Those coherent structures are, as we shall see, the major links to flow control. 

Without, however, knowing about those specific elements, quite spectac- 
ular observations of dynamic flow control have been reported already more 
than one hundred years ago. The famous description by T5rndall (1867) re- 
lates to the observation by Leconte (1858) and extends it to a multitude 
of surprising possibilities of acoustically influencing and modifying gaseous 
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and liquid jets alike. It was only after many years that the topic was then 
taken up again by Brown (1935), who undertook a thorough study of jet 
flow and its sensitivity to sound, observing, describing and explaining many 
of the amazing consequences of sinusoidal excitation on jet flow, that were 
then again re-visited and deepened some thirty years later. And then there 
is the Coanda (1934) effect, which is based on the strong entrainment of 
turbulent flows, relating to the influence (deflection) of free turbulent flows 
by nearby walls. Early examples of control of true wall bounded flows are 
Dubuat‘s paradox (Dubuat 1779), where the drag of a plate was found to 
depend on the nature of the flow, i.e. whether the plate or the fluid was at 
rest. Here we have one of the first reported observations of flow control via 
laminar/turbulent transition, presumably by means of the turbulence level 
in the flow. The first use of a trip-wire to achieve premature transition was 
described by Prandtl (1914), who also introduced boundary layer suction as 
tool to control and prevent separation. 

Only after ca. 1970 there seems to be renewed interest and activity for 
questions of flow control. This is clearly a consequence of the by then im- 
proved knowledge about the dominating structures in turbulent motion and 
their handling and on the other hand of the economic and ecologic needs 
which in this decade became an issue of worldwide recognition. Some of the 
recent developments are summerized in reviewers by Fiedler and Fernholz 
(1991a), Fernholz (1993) and Hussain et al. (1986). 

Next we shall address the question of 



1.5 What Do We Want to Achieve ? — Aims of Control 

Flow control aims at improvements of flow processes in view of technology, 
ecology and economy. Since the use of control methods is mainly in indus- 
trial applications the demand for rehability provides a hmiting condition of 
priority. 

In free turbulent flows there are three principal areas for control applica- 
tion: 

1. Mixing 

2. Noise 

3. Entrainment 

1. Mixing: The question of mixing and its quantification is to this time still 
not settled. The process of turbulent mixing, preceding the final molecular 
miving may be sub-divided into large-scale mixing = ‘stirrmg’, and small 
scale mixing. The major issue to enhance mixing is to achieve a maximum 
of contact surface between the species to be mixed for providing better 
conditions for the ensuing ‘independent’, i.e. uncontrollable, molecular 
mixing. Note that an increase of spread is not always indicative for an 
increase of mixing as is often assmned. In fact, in certain cases it may 
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indicate increase of stirring in a ‘stabilizing mode’, where the subsequent 
breakup into smaller structures is suppressed and small-scale niixing — 
the link between stirring and molecular mixing — largely reduced (see e.g. 
frequency excited structures in a mixing layers, Chap. 3). 

We note here that mixin g is primarily a small scale mechanism. In most 
cases, however, control of small scales in turbulence is not directly possible 
and can be achieved only by indirect routes via the large scales, which 
are more directly amenable to external manipulation. 

Viewing the practical importance of mixing control some apphcations 
are imme diately obvious, as e.g. in combustion (flame stabilization), im- 
provement, locahzation or confinement of chemical reactions, in many 
apphcations of chemical engineering, and finally in heat- and mass trans- 
fer. While in those cases an increase is the typical result desired, reduced 
mixing may also be called for, as e.g. for increase of reach of fire jets. 

2. Noise production: Source of aerodynamic noise is the non-linear dynam- 
ics of the amalgamation process of coherent structures (Laufer 1983; 
Michalke 1978). Its underlying mechanism is, therefore, connected to the 
large scales of the turbulent motion and thus directly amenable to control. 
Here the major interest is in the reduction of noise production, where lyp- 
ical apphcations are in airplane technology and in air-conditionmg. The 
wish for increase of noise would be the exception, however conceiveable 
for whistles, sirens or in the design of actuators for — ^again — ^flow control. 
Note: Noise compensation by counter-noise is not flow control in the strict 
sense 1 

3. Entrainment: This is a phenomenon, the eSect of which has probably 
first been recognized by Coanda (1934) (coanda effect). It is primarily the 
consequence of large scale mechanisms, its control is, therefore, possible 
by direct means. 

Among the many conceiveable apphcations of this effect the two major 
ones are probably separation control and localized cooling, e.g. by jet 
vectoring (see in Chap. 2). Some examples sketched in Fig. 3a/b. 

In addition to the practical purpose of flow control there is a scientific 
aspect: Controlled stabilization of coherent structures may enable or simplify 
their detailed investigation e.g. by phase averaging methods. 



1.6 What Means Do We Command ? — Methods and Mechanisms 

According to control theory we distinguish between two control principles 
(see e.g. DiStefano et al. (1979)) 



— the simple, direct OPEN LOOP control, which necessitates external ad- 
justments based on measurements or observations of some kind, and 
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NOISE, MIXING ENTRAINMENT 




ENTRAINMENT, MIXING 



Fig. 3. a) Examples of control application. 



- the more elaborate CLOSED LOOP, or ‘feedback’ control, where con- 
tinuous adjustment is provided by a feedback of constantly monitored 
system output. The feedback is typically provided by an external, often 
adjustable or conditionable loop. The case of an internal, ‘built-in’ feed- 
back is found in absolutely unstable systems (see below). T 3 q>ical and 
often encontered terms and concepts in this context are adaptive feed- 
back, ‘intelhgent’ control, neural networks, fuzzy logic etc. 

According to the terminology of control theory the system consists of 
the plant (the controlled system), a measuring or monitoring system and a 
controller. Figures 4a,b show block diagrams of the two control systems. 

In a closed loop-, or feedback-, control system the difference between the 
actual value of the controlled output and the desired value of that output 
is used to change the value of the input to the system in such a manner 
as to maintain the output as close as possible to a desired value. A special 
situation of (b) is when this control loop is ‘unstable’, i.e. when any devia- 
tion is amplified (a situation which in common understanding is known as a 
feedback). A feedback situation, which may be external or internal, is charac- 
terized by threshold- and saturation- levels and is — ^in general — a non-hnear 
phenomenon. In more specific terms we call a situation where feedback signal 
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Fig. 4. Block diagrams of control circuits: a) open loop; b) closed loop. 



and input signal are of opposite phase a negative (or degenerative) feedback. 
If both signals are of equal phase the feedback is positive (or regenerative). 

As an example let us consider a plane mixing layer (the PLANT), which 
is easily controlled by periodic perturbations of appropriate frequency and 
amphtude. (see under 3.4). 

Open loop control is then apphed by forcing the flow (via loudspeaker 
or other appropriate means = the CONTROLLER ) with an independently 
adjusted external periodic signal from, say, a frequency generator. 

Closed loop control has various possibihties; 

1. the frequency generator is controlled by some characteristic amphtude 
(e.g. the RMS-output) as obtained from the periodic fluctuations, mea- 
sured at some station in the flow, or, 

2. the (filtered) output signal is directly used to drive (via amplifier) the 
forcing unit (the CONTROLLER). Adjustment is possible through the 
amplifier, by a time shift of the feedback signal, or by spacial shift of 
the location where the control signal is obtained. This is the case of an 
external direct feedback loop. 

Internal feedback can be provided by pressure waves or mechanical vibra- 
tions of the system. An obvious model relation is — as has been proposed by 
various authors (e.g. Ho and Nosseir 1981; Laufer and Monkewitz 1980) — 

L L_n 

where L is a ‘feedback-characteristic’ length. Up = phase velocity of the 
feedback wave in the flow (the ‘structure’), / = feedback frequency, a = 
velocity of sound (by which the wave is transported upstream), and n = 1, 
2, 3, ... representing the number of waves. 









344 Heinrich E. Fiedler 



This can be expressed as a ‘feedback Strouhal number’; 



^ Uo/Up + Ma ’ 

with Ma = Mach number and Uq = velocity of the basic flow. 

The role of adaptive or ‘intelligent’ control by closed loop appears, how- 
ever, to be small in free flow applications, in particular there is no laminar- 
turbulent transition control, since transition appears essentially already at 
the trailing edge, and also no separation control as in airplane apphcations — 
the two typical examples of adaptive feedback control. In free flows we find 
closed loop control almost exclusively in combustive apphcations. 

A modern example of adaptive control in flow around an airfoil is shown 
in Fig. 5. 



CURVATURE ELASTIC TRAILING EDGE 




Fig. 5. Airfoil with adaptive control elements. 



StabiRty — The Key. Discussion of stabihty of turbulent shear flows evokes 
their most obvious manifestation: Coherent Structures. What are coherent 
structures (CS)? We may describe them as characteristic transient, meta- 
morphic structural entities or scenarios of quasi-regular repetition and exis- 
tence or duration over a distinct period of time, comparable to a few of their 
turnover times (Fiedler 1988a). 

Alternatively we see them as manifestations of concentrated and coherent 
vorticity of an instability mode of the (physically non-existent!) mean velocity 
profile. In view of this CS can be influenced or controlled as can laminar 
stability modes. 

Note, however; Specific manifestations of a given coherent structure de- 
pend largely on the quahty of interest. Examples are POD-reconstructions 
of velocity, energy, vorticity, temperature etc.. Figure 6 juxtaposes some of 
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those manifestations as measured in an accelerating mixing layer, where the 
vorticity distribution corresponds approximately to its visual manifestation, 
i.e. a smoke picture. 




Fig. 6. Different manifestations of a coherent structure in an accelerated tinbulent 
mixing layer (artificially stabihzed) from Fiedler et al. (1991). 



This definition leads to a number of questions, hke: 

1 How can a mean profile be unstable? 

2 What fraction of turbulent energy is coherent? 

3 What fraction of other turbulent qualities, e.g. shear stress, is coherent? 

Here are some — in this context sufficient — answers: 

(1) mean flow profile instability (leading to formation of coherent struc- 
tures) may be understood when viewing it as a real flow profile with super- 
imposed noise, of t}q)ical wave lengths an order of magnitude smaller than 
the instability wave, and therefore decoupled. 

(2) coherent energy fraction: Coherent structures are most amenable to 
external flow control. Control efficiency or -potential may, therefore, be esti- 
mated by the relative energy content of the coherent structmes as compared 
with the total tmbulent energy. Because of the inherent imcertainty of the 
various eduction schemes for coherent structures, the following percentages 
provide only estimates: 
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Plow 


^coherent /^total 


plane mixing layer 


20% 


accelerated mixing layer 


25% 


near jet 


>25% 


axis 5 Tnmetric far jet 


10% 


near wake 


25% 


far wake 


20% 


and for comparison: 
wall bounded flow 


<10% 



On the basis of these data the idea of controlling turbulent flows by 
means of influencing their coherent structures seems promising. Are, how- 
ever, these values as such meaningful? Indeed it is not primarily the energy 
of the coherent structure that determines its importance, but rather its dis- 
tributive actions and in particular the ratio of the Reynolds-shear-stresses 
(w'v') coherent /(^'■^Ototai, wMch may reach values of up to 95% in the region 
of maximum structural organization of an excited mixing layer (region II, see 
Fig. 52) . Stfll, those figures seem to be of importance only in an indirect way. 
We find that a jet flow in still ambient fluid with relatively weak coherent 
content is — owing to its configuration — easily controlled by periodic excita- 
tion in most spectacular ways (see Lee and Reynolds 1985). A wake on the 
other hand has a notably higher CS energy content, yet its controUability 
is — by comparison — ^limited. The major difference between those two flows is 
in its convective characteristics: In a jet the convection is of the same order 
as its diffusion and highly dependent on the state of excitation. In the wake 
on the other hand, being a flow deficit, the convection velocity of its struc- 
tures in the far region are almost constant and large in comparison with it’s 
diffusion, which reduces its controllabflity. 

Let us — for better imderstanding — take a closer look at the different sta- 
bility characteristics in free flows and in wall bounded flows: While wall- 
bounded flows are Orr-Sommerfeld unstable, where viscosity plays a crucial 
role, free flows are Rayleigh- (inflexion point) unstable. There the (largely 
neghgible) effect of viscosity may only be of damping influence and the prime 
instability mechanism is by vortical induction. Flows dominated by this kind 
of instabflity tend to develop comparatively ‘simple’ instability modes which 
to a considerable extent persist in the random-turbubulent ambience, becom- 
ing prey of either mutual interaction or of secondary instabihties (pairing, 
tearing, wearing). Figure 7 gives a simphfied picture of the evolving coherent 
structures in free- and in wall flows. 

Flow stabihty, that is to say the stability of the coherent structures, ob- 
viously provides the key to control. It is responsible for such mechanisms 
as the laminar /turbulent transition, as well as for the origin (the creation) 
and to some extent the decay of structures by creation of smaller structures 
as a consequence of the instability of the former. We therefore distinguish 
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DIFFUSION PRODUCTION 

large scale small scale 
transverse longitudinal 
structia’e structure 




(smaU scale) (large scale) 



Fig. 7. Sketches of coherent structure scenarios in free- and wall-bounded (bound- 
arylayer) flows. 



between pr im ary and secondary instability, which can manifest in various 
modes (denoted by numbers 0,l,2...n). 

While the basic mechanism leading to a growth of perturbations may be 
one of many, a major and more general distinciton in stabihty behaviour, 
of particular importance for controllability, is provided by the temporal and 
spatial growth behaviour of the initial disturbances. We define (see Drazin 
and Reid 1981; Huerre and Monkewitz 1985): A flow is considered absolutely 
unstable if the group velocity of an unstable mode is equal to zero. In this 
case the amplitude of a given perturbation grows with time at a fixed x- 
position in the flow. This situation is tantamount to a closed loop system 
with internal feedback, i.e. an oscillator. It occurs typically in profiles with 
regions of reverse flow. 

For convectively unstable flows all perturbation frequencies have positive 
group velocity. Thus, at a given x > Xp, where Xp defines the geometrical 
position at which the perturbation is introduced, the perturbation wave will 
reach a finite amplitude for a finite time only. The diagram in Fig. 8 gives a 
graphical explanation. 

Huerre and Monkewitz (1990) have extended the scope of stability be- 
haviour by introducing a distinction between local and global instabihty; 
Local instability denotes the situation of instability of a local velocity profile 
(being usually a function of x), while in global instability the entire flow field 
is concerned (see also Monkewitz 1989). 

There are basic differences between those four conditions with respect 
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Fig. 8. Amplification of a perturbation at (a) convective- and (b) absolute insta- 
bility. 



to their control behaviour: Convectively unstable flows have characteristics 
of frequency selective, non-hnear amplifiers. Accordingly they are sensitive 
to external forcing at a given frequency, while the amplifier characteristics 
themselves are modified by stationary boundary conditions. 

Absolutely unstable flows, having an oscillator characteristic, are on the 
other hand comparatively resistant against external (periodic) forcing, being 
‘self-excited flows’ according to Koch (1985). They can often be effectively 
influenced by minor changes introduced into the unstable flow regimes, as 
was demonstrated by Strykowski and Sreenivasan (1990) in the near wake 
behind a cylinder. 

Locally unstable flows may — ^by modifications of their boundary condi- 
tions — become globally unstable (e.g. Fiedler et al. 1991b). Global instabili- 
ties are often indicative of a feedback situation. A control-relevant distinction 
in this context is whether the flow system behaves as an externally excitable 
amplifier or as an oscillator with characteristic global response ( Monkewitz 
and Sohn 1986). 

Finally there are ‘mixed’ situations, where a flow has locally limited re- 
gions of absolute instabihty. Those may lead to a self excited global response 
in a way similar to that of feedback mechanisms. 

Temporal development of the perturbation frequency amphtude is found 
in absolutely and in globally unstable flows. There is a more than superficial 
similarity between the behaviour of absolutely unstable flow scenarios and 
flows with (natural) feedback, as observed by Hilberg and Fiedler (1989) — 
see in Chap. 4: Both situations show the characteristic transient behaviour. 
However, transient times in true feedback cases are typically shorter and the 
flow is more easily infl uenced by external forcing. 
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Receptivity — The Door. The location of maximijm receptivity for control 
in a given free flow, in particular for periodic excitation, is essentially deter- 
mined by two parameters: 

1. The position where the mean velocity profile is most unstable: The mean 
velocity profile of a separating flow immediately at or downstream of the 
trading edge (nozzle) is still very much a wall boundary layer proflle. 
It needs a certain time to develop into the more unstable ’’free” profile 
(Michalke 1972, 1990) and 

2. where a given (absolute) perturbation provides maximum relative per- 
turbation. This is the case for minimum profile thickness. 

It is for these two reasons that maximum receptivity of a separating flow is 
always near (order of the boundary layer thickness) to the point of separation, 
i.e. the trailing edge. Figure 9 shows this situation for a mix ing layer. This 
therefore is the place where dynamic, but also static control measures will be 
most effectively introduced. 




Fig. 9. Locus of maximum receptivity in a mixing layer. 



Means of Control — The Tool. The major question to be asked at this point 
is: what and how do we control: Figure 10 outlines some essential paths. 

From this picture it is insmuated, that control of substructures might 
provide a way of controlling the primary structures and thereby the overall 
flow behaviour. While this may be so in principle so, its practical reahzation 
appears to be much more difficult if not impossible. This is illustrated by 
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an example: The large structures in a plane mixing layer — displaying, when 
periodicaRy excited, perfectly roUed up two-dimensional vortices — are com- 
posed of thin stretched shear layers. One might then think of exciting those 
wrapped layers with a frequency of, say, an order of magnitude above the ba- 
sic excitation frequency, thereby enhancing the diSusion and the dissipation 
of the primary structures. Since, however, these smaRer layers are curved and 
their convection velocity is a function of their position, it is not possible by 
simple means to impress onto them a constant frequency with constant wave 
length and phase position, necessary conditions for receptivity. In addition, 
these roRed up layers are stabilized by their curvature (higher velocity at 
larger radii of curvature). No specific receptivity of the plane mixing layer is 
indeed observed when forced at appropriately high frequencies. 

Since control of turbulent flow is often synonymus with control of tur- 
bulent structures, the question as to its efficiency may best be answered by 
looking at the major structural constituents and their specific role in the 
flow — e.g. large scale for noise production and smaR scale for mixing. Thus 
the problem reduces to the question of possible minimum- and maximum 
states (saturation values of thoses structures, their specific stabRity (recep- 
tivity) and their interaction. What can be accomplished then depends on the 
role of the structure under control in the physical process. Thus mixing, being 
mainly controRed by smaR scale turbulence, may be increased by, say, 100 % 
or more by destruction or deformation of the large coherent structures. At the 
same time effects of comparable magnitude are observed in noise reduction, 
which is a direct consequence of the large scales and their amalgamations. 
Major limitations are by the fact that most control mechanisms affect the 
flow only in a lunited spatial range, which is particularly true for evolving 
configmations as e.g. the turbulent jet, which develops from a waR boundary 
layer first into a mixing layer and only asymptotically to its final state. 
Distinction is often made between: 

— Active control^ which describes all possibRities of externaRy activated 
dynamic control mechanisms. 

— Passive control, on the other hand, encompasses both dynamic control by 
means which are internaRy activated (i.e. by the flow itself, as sketched 
in see Fig. 54), or static control by special design or other measures (e.g. 
fluid additives). 

As a general rule we find that most control mechanisms act only on large 
scale structures (except for additives). Control of smaR scales (important for 
mixing) is therefore in most cases only indirectly possible by way of control- 
Rng the large scales. 

Depending on what method of control is appRed and what effects are 
expected we may select the ‘place’ of control in the flow at hand (not to be 
confiised with the preceding receptivity discussion) according to Fig. 10. 

How then can we introduce or impose the control onto the flow ? For this 
we have essentially two possibRities: 
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Fig. 10. Places of control ‘along’ the flow development. 



1. by way of boundary conditions, and 

2. by conditioning the flow itself, i.e. the medium 

Control via boundary conditions is mostly done through the upstream 
boundary condition (i.e. at the traihng edge) — either d 5 mamically by exci- 
tation of the instabihty mode to amphfy the primary coherent structures, 
or by static means, which mostly do the opposite, namely introducing three- 
dimensional vorticity to break up the coherent primary structures (see Norum 
1982; Soteriou and Ghoniem 1995b). 

Major parameters for dynamic control are frequencies, amphtudes, modes, 
and signalforms. 

Depending on the actuator device used (e.g. flaps (externally/internally 
activated), variable/flexible trailing edge, periodic local heating, periodic slit 
blowing, loudspeakers (direct/remote), the actual kind of pertm’bation is pri- 
marily by pressure-gradient- or vorticity fluctuation (Morkovin and Paran- 
jape 1971; Rebel et al. 1992). 

Static controlis mostly done by winglets — leading to formation of longitu- 
dinal vortices and subsequent breakup of CS, by nozzle-/trailing edge shapes 
to introduce three-dimensionalities and again to break up CS. With the use 
of tripping devices upstream of the separation point early laminar-turbulent 
transition is achieved, and finally, there are possibilities for statically con- 
trolling the flow by prescribed flow condition through specifically tailored 
velocity profiles of the basic flow. 

Control through side-boundary conditions is rather rare as it implies mod- 
ification of the flow conduit as a whole. It is, however, encountered in special 
geometrical configurations as e.g. curvature or changes of the flow cross- 
section. The ensuing pressure gradients — ^longitudinal or transverse — ^may 
cause stabihzation or destabilization of large structures. Those cases are by 
necessity cases of flow confinement, where the primary flow is no longer a 
free flow in the ideal sense. When the confinement is stronger, wall effects 
may come into play and three-dimensionalization may become an important 
feature. 

Control of a flow via flow field and fluids finally, can be done through 
the turulence level (intensity and scale) of the basic flow, which may lead to 
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premature transition of a laminar flow or to a breakup (randomization) of 
CS when the flow is already turbulent. 

Shght distortion or inhomogeneities of the mean flow may have strong ef- 
fects when influencing the stability characteristics (e.g. the ‘control cylinder’ — 
see Chap. 2) 

While modification of the turbulence level provides only relatively small 
effects (which, incidentally, may to some extent be rather considered as flow 
management), control by tailoring the fluid characteristics may be more ef- 
fective. A fluid is basically described by its density and its viscosity. Effects 
from changing those characteristics are well known; they are not control pa- 
rameters in the proper sense, as they provide direct access to the flow de- 
velopment (see 1.2). Additives, on the other hand, are perfect examples of 
control agents. They act indirectly, where strong effects are achieved with ex- 
tremely small amounts of additives. Those additives suppress the small scale 
structures in a turbulent flow, thereby reducing the dissipation rate of the 
larger structures, which are thus stabihzed. Bulk effects are a reduced spread 
(which may be a desired feature for water jets) and a considerable reduction 
of friction in boundary layers. This is known as Toms’ effect (Toms 1948). 
Figure 11 shows as an example the amazing reduction of friction factors for 
different concentrations of Habon (a polymere additive). 




Pig. 11. Effect of concentration of Habon on friction factor in pipe flow. 



Combinations. Only very few of the numerous conceiveable combinations 
of control methods have so far been studied. In most cases increased effects 
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have been observed albeit not to the amount that a simple (and mostly 
wrong) concept of superposition might suggest. 

1.7 Effects of Compressibility 

Compressibility in free sheai* flows affects the coherent stmctiues in the sense 
that they are weakened and therefore the effect of control is reduced. 

1.8 Goals and Gains — The Question of Efficiency or is it Worth the 
Effort? 

There are two different aspects to this question: 

1. A certain condition is to he met: 

In this case the efficiency aspect is only relevant with regard to the 
goal to be achieved — not with regard to cost efficiency. 

2. A condition is to he improved: 

Here the cost aspect is — in most cases — of importance. 

Rehability is a limiting condition, as is — in most cases— cost considera- 
tions. However: breaking even is not always the important question! 

1.9 Summary and Charts 

— the major aspects of control in free turbulent shearflows have been iden- 
tified as noise, mixing, entrainment 

— the control behaviour of a given flow is determined by its stability char- 
acteristics 

— control is possible by dynamic or by static means. Dynamic control may 
be active or passive 

— other than in wall flows apphcations of ‘smart’ technologies and of ‘micro- 
actuators’ is rather hmited 

— control of small scales — ^important for mixing — seems to be possible only 
via the control of large scales 

— control efficiency depends on methods, demands and goals 

Three basic control routes are outhned in the following charts (Figs. 12, 
13, 14). 

In the following Chaps. 2, 3, and 4 we are not primarily concerned with 
the question as to how or by what special means and/or control circuits a 
desired flow quality or specification may be achieved, but rather with the more 
elementary question as to how certain flows react to variations of their basic 
or boundary conditions. Detailed knowledge of this behaviour then provides 
the basis on which control circuits — open or closed loop, adaptive or by other, 
possibly more sophisticated means — ^may be devised. 
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Fig. 12. Control chart for static upstream boundary conditions. 




Fig. 13. Control chart for dynamic upstream boundary condition. 
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Fig. 14. Control chart for flow condition (polymere additives (Toms’ effect). 



2 Jets Sz Wakes 

2.1 Introduction — Definitions, Configurations, Concepts 

To understand the basics of jet and wake flow we shall first look at some 
visualizations. Figure 15a/b shows a few which have been taken from the 
‘album’ by Van Dyke (1982). 

Prom our general understanding — supported by those visualizations — ^we 
define a jet as a hmited flow region of a given momentum flux of a given 
fluid and a given geometry emitting into an extended ambient fluid of an- 
other specific momentum flux, i.e. it constitutes a local momentum source. 
Its boundaries are unhmited and its velocity field is decaying. A wake fol- 
lows the same definition where, however, the momentum flux introduced is 
negative, constituting a momentum sink. Figure 16 outlines this relationship 
between the two configurations in a generic series of a jet in a parallel am- 
bient stream where the variation of the momentum flux ratio leads directly 
to the wake. Both flows are momentum conserving. A marked difference is in 
the ratio between convection and diffusion: The jet in still surrounding — the 
extreme and most often investigated jet configuration — ^is characterized by 
a constant ratio between convection and diffusion. All other cases — and in 
particular the wake flow — are increasingly dominated by convection, which 
in the case of a wake increases with increasing x as 3 miptotically to the level of 
the undisturbed basic flow — ^while the diffusion goes asymptotically to zero. 
As a consequence jets and wakes in an ambient flow of constant velocity have 
a decreasing rate of spread with downstream distance while only the jet in 
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ROUND TURBULENT JET 




SUPERSONIC JET 

Fig. 15. a) Jets — some visualizations. 



still surrounding spreads linearly. 

In order to reduce and standardize the infinite variety of jet and wake 
configurations we distinguish between a limited number of specific cases, viz. 

— the submerged jet in still surrounding 

— jets in moving streams 

— jet- wake combinations 

— wakes 

Another distinction is by geometry, where we have 



— plane geometries {showing the largest effect of control), 

— axisymmetric, and 






WAKE BEHIND AXISYMMETRIC BODY 



Fig. 15. b) Wakes — some visualizations. 



— three-dimensional geometries — which in themselves are again of unhmited 
variations and have therefore not been investigated extensively so far. 
Finally there are 

— radial forms of which, to the knowledge of this author, only the jet has 
received some attention. 

Next we shall consider the two configurations — ^jets and wakes — in more 
detail. 
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Ci<0;Co>0;lC,l = !Cii}: |-Sp. 



Ci<0;Co>0;ICiI>ICqI: 




Fig. 16. Classification of jet- and wake flows (SP = Stagnation point). 



2.2 Jets 

Jet flow has often been studied as a ready object of control by external 
stimulation or manipulation (Rajaratnam 1976; Kibens 1989; Hussain and 
Husain 1988). Like the wake, it is a flow of evolving characteristics where the 
boundary layer of the nozzle wall develops first into, a mixing layer and after 
the eventual merging of the mbdng layer(s) the true jet flow develops into its 
flnal state (Fig. 17). It is only then that for certain conflgurations (ambient 
flow at rest or with ‘tailored’ pressure gradient) self similarity develops. This 
is the case after, say, 70 nozzle diameters in the axisymmetric case and around 
120 for the plane jet in still surrounding. As a consequence we find the flow 
to be do mi nated by different structures or structural modes, depending on 
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the axial position we are looking at. Susceptibility for control depends also 
on the ratio of jet velocity to ambient velocity, and the self-similar jet in still 
surrounding provides the most convenient special case of highest instability 
and of highest interest for basic research. Traditional distinction in jet flow 
is made according to geometrical characteristics. Basic configurations are (in 
rising degree of complexity): plane-, radial-, axis 5 munetric-, co-axial-, three- 
dimensional- and confined jets, some of which are sketched in Fig. 18. 




Fig. 17. Jet regions. 



Jets can be easily controlled over a limited downstream range by vari- 
ous methods, e.g. by dynamic control, as by periodic forcing at one or more 
frequencies of the flow near the nozzle exit — with its characteristic manifesta- 
tions of ‘flapping’, ‘blooming’ and ‘pulsating’; and by static control, which is 
essentially imposed onto the flow by the nozzle geomety. Another possibility 
of exerting some influence on the flow behaviour is provided by the turbulence 
level of the primary stream. There are yet other possibilities of controlhng 
the jet via its entrainment flow e.g. by a different density of the entrained 
medium. Jet development may be also influenced by a ‘tailored’ external 
flow (e.g. a jet in a diffusor flow). Finally there is the control mechanism of 
additives, particularly in the primary stream. 

Many of these aspects have been investigated and a host of information 
may be found in the hterature. Essential for understanding of the phenomena 
observed are the basic stability characteristics which lead to the dominant 
structures - vortex rings, line vortices, single- and multi-helices etc. — see 
e.g. Fiedler (1988a). A great number of investigations reported in the re- 
cent, say, two decades, have provided us with a relatively detailed picture 
of the coherent structures in the near-jet and in particular the characteristic 
phenomenon of the preferred mode (e.g. Crow and Champagne 1977; Arm- 
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Fig. 18. Some basic jet geometries. 



strong et al. 1977; Armstrong 1981; Peterson 1978; Eickhoff 1982; Peterson 
and Samet 1988; Gutmark and Ho 1983a; Gutmark and Ho 1983b). Owing 
to a higher degree of complexity and weaker structures, the picture is consid- 
erably less clear and detailed for the the far- field of turbulent jets, as we find 
from the few investigations known so far (e.g. Tso 1983; Tso et al. 1980; Tso 
and Hussain 1989; Kumori and Ueda 1985; Dimotakis et al. 1982; Nieberle 
1986). 

Most studies were concerned with axisymmetric jets. Less is known about 
the plane- and httle about the coaxial jet (Bremhorst and Watson 1981; 
Szajner and Turner 1987). No structural investigation seems to have been 
devoted to the radial jet since Heskestad’s (1966) work. There is, on the other 
hand, increasing interest in three dimensional configurations; some of their 
characteristic structures and global manifestations will be discussed below in 
some depth. 

The primary stabihty behaviour of jets, as summarized by Michalke (1984), 
has been studied by a number of authors, e.g. Lessen and Pafilet (1976), Mor- 
ris (1976), Plaschko (1981), Bejan (1981), Michalke and Hermann (1982) and 
Morris (1983). A homogeneous jet is a purely convectively unstable flow. Ex- 
ceptions, where absolute instabihty is observed, may turn up in the presence 
of density inhomogeneities, when the jet has lower density than the ambient 
fluid — see Monkewitz et al. (1990), Raghu et al. (1990). 

The technical significance of turbulent jets is obvious: they are found 
in jet engines, in burners and mixers, in all kinds of exhaust apphcations. 
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for material cutting and erosion (manufacturing), in the wide field of air 
conditioning, and in fire extinction. 

There are many appfications of jet control, the most obvious ones are in 
combustion, fluidics, noise control, thrust control, mixing and entrainment en- 
hancement (ejectors) and for continuous lasers. Some of those were discussed 
by Peters and Williams (1981), Crighton (1981), Bechert and Pfitzenmeier 
(1976), Kibens (1980), Laufer and Ta-Chun (1983), Michalke (1978), Roff- 
man and Toda (1969), Norum (1982), Guicking (1988) and Gutmark et al. 
(1986). Some specific investigations and their major outcome are summarized 
below, where distinction is made according to the control method employed. 



Goals. When thinking of the most important and basic applications of jet 
control fife specific goals come inunediately to mind: 

1. control of laminar- turbulent transition, 

2. control of mixing and/or combustion, 

3. control of noise production, 

4. control of entrainment — which may be a question of mixing or — when 
not symmetric — of jet-deflection, is also known as ‘vectoring’. 

5. and control applications in fluidics. 

L-T-Transition control is concerned with the state of the flow immediately 
at or near the nozzle exit. In most technical appfications the boundary layer 
in the nozzle will be have become turbulent at the trailing edge so that this 
control aspect is rather limited. Premature transition of a laminar boundary 
layer is usually achieved by tripping devices (trip wire or the like in the 
nozzle near the exit plane) . The importance of the condition of the separating 
bondary layer is in the subsequent evolution of the turbulent mixing layer 
and in particular its mixing potential. 

Mixing is one of the most important aspects of jet flow control. It is cen- 
tral for combustion as well as in chemical engineering and wherever diffusive 
processes play a dominat role. Mixing is related to the size of the contact 
surface between the species to be mixed. Good mixing is achieved when this 
contact surface is maximized, which is the case at small turbulent scales. 
Control of mixing therefore has to aim at controlling the small scale struc- 
ture of turbulence, which is typically possible only by indirect means via a 
forced breakup of the controllable large scales. 

So far we have no generally accepted criterion for the quantification of 
turbulent mixing on the basis of flow- or turbulence characteristics and some 
criteria used are questionable. As an example, the often used spread rate 
of the mean flow is not always a useful criterion for turbulent mixing: In 
periodically excited flows strong spread is observed in regions of formation of 
large vortices, which are relatively stable and therefore rather suppress the 
small scale mixing process. 
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Noise production is understood to be the consequence of non-linear in- 
teractions of large-scale (coherent) structures. Those structures experience 
their strongest manifestations in the core region, where consequently also the 
strongest source of noise is found. Noise is thus a large scale effect and can 
be controlled (reduced) directly by tailored upstream boundary conditions 
designed for premature breakup of those structures. 

Entrainment: Because of its entrainment a turbulent jet acts as a sink for 
the ambient fluid. Entrainment is a strong effect which is obvious from the 
numbers given in Fig. 19: The volume flux of a round jet doubles already at 
approximately every 8.5 nozzle diameters owing to the entrained fluid. 




n 


x/d (round) 


xfd (plane) 


2 


8.6 


19.8 


3 


12.8 


44.5 


4 


17.0 


79.0 


5 


21.3 


124.0 



d(V^/Vo) 

0225 , 

= im 'p"®® 



Fig. 19. Entrainment characteristics for round and plane jet. n = multiple of vol- 
ume flux Vq 



A flow visuahzation showing the entrainment is shown in Fig. 20 (taken 
from Van Dyke 1982). 

The mechanism of entrainment is based on the convolutions of the free 
boundaries of the turbulent flow, which are caused by the large scales of the 
turbulence. Entrainment is therefore directly amenable to control. How can 
those quahties be influenced in the best possible way? Since the question 
of control is always related to the characteristic flow structures and their 
stability, we shall now discuss some of these characteristics. 



Stability and Structures. Figure 21 shows the neutral stabUity curves for 
jet and mixing layer (core region of the jet) flow as given by Joseph (1976). 
Obviously, the critical Reynolds numbers are at very low values, which shows 
that technologically interesting jets will be typically turbulent from the nozzle 



on. 
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Fig. 20. Visualization of entrainment flow of a round jet. 



The diagram in Fig. 22, which was given by Michalke (1972), demon- 
strates the influence of the Reynolds number on the stabihty of the 1th (he- 
hcal) instabihty mode in the axisymmetric far jet. Again, for most cases of 
practical or technological interest only the dashed line giving the distribu- 
tion for Re = oo is of relevance. There the Stroulial number for maximum 
instability based on the jet momentum thickness 0 is Sq = 0.1 1 . For a jet in 
stiU surrounding this leads to a Strouhal number based on the downstream 
coordinate of Sx — 0.5. The stability for different modes depending on the 
mean velocity profile shape as expressed by the ratio 0/R (where 0 denotes 
again the momentum thickness of the velocity profile and R its half velocity 
radius) is given in Fig. 23. We find that the near jet is unstable for both, the 
0th (s 5 unmetric) and the 1st mode, while the far jet is only unstable for the 
1st mode. 

According to the specific instability behaviour as discussed above we ex- 
pect the characteristic structures of the jet to form as their manifestations, 
which can be excited, i.e. dynamically controlled according to their specific 
critical Strouhal numbers. 

In the following ways and possibilities as well as some mechanisms and 
results of controlhng a jet are discussed. 

Static Control by Boundary Conditions. The region which can be con- 
trolled by static upstream boundary conditions is relatively limited, extending 
approximately over the core region, i.e. the first few diameters downstream 
of the nozzle. 

Control is by different nozzle shapes, some of which are shown in Fig. 24. 
This kind of control always aims at disrupting or destroying or even sup- 
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Fig. 21. Neutral stability curves for jet and mixing layer flows (Joseph 1976). 



pressing the formation of the large coherent structures by introducing three- 
dimensionalities directly (by vortex generators) or indirectly by non-circular 
or non-symmetrical nozzle shapes: The primary structures which are form- 
ing past a non circular nozzle are unstable and are quickly distorted and 
disrupted due to self induction as is sketched in Fig. 24. 

Control measures of this nature are often used to force premature transi- 
tion, to increase global or local entrainment, enhance global or local mixing, 
and to reduce noise production. A very convincmg example of how drastically 
the entrainment of a jet can be influenced by a relatively minor geometrical 
modification is shown in Fig. 25, which compares the entrainment character- 
istics of a jet from an elliptic nozzle to those of a round and a plane jet (see 
Husain and Hussain 1983; Gutmark and Ho 1983a). 

Other static boundary conditions of some influence on the flow develop- 
ment are the velocity profile in the nozzle exit. This is, however, of relatively 
small effect, influencing to some extent the formation and strength of the pri- 
mary structures in the near-nozzle regime (weaker structures for a pipe flow 
profile) and shifting the virtual origin. Stronger effects are observed with cer- 
tain confinements. Thus, a plane jet spreadmg in y direction between two 
parallel walls of distance AZ < width of jet is known to develop a strong 
maeandering pattern (Giger 1987). 

Another way to control turbulence in a hquid jet is by introducing addi- 
tives (long chain polymeric molecules — e.g. ‘Sapran’, ‘Polyox’) into either the 
jet flow, the entrained fluid or in both. A major effect of this is the damping 
of small scales, which in turn provides a stabihzation of large scales and con- 
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Fig. 22. Influence of Reynolds number for the stabihty of the axisymmetric far jet. 



sequently reduces the spread. This effect is strongest when the additives are 
only in the jet fluid and smallest when it is only in the entrained fluid (G 3 U 
1997). 

Density inhomogeneities, i.e. different densities (temperatures) of jet- and 
entrainment fluid when below a certain critical level is of little influence, since 
because of the strong entrainment the density differences are quickly decaying 
and equalized. The overall effect may be taken care of by a shifted virtual 
origin. 

There is, however, a strong d 3 mamic effect when Pjet //^ambient < 0.72: Self 
sustained periodicity of stable frequency of Strouhal number S = 0.44-0.47 
and high stability against external perturbation sets in as the flow is be- 
coming absolute unstable. This effect is accompanied by formation of strong 
sidejets and a stepwise spread of the the visual jet diameter (scalar) however 
insignificant changes in velocity distribution and entrainment (Fig. 26). 

Absolute instability in a jet achieved by upstream control was demon- 
strated by Strykowski and Niccum (1991), who applied suction in a circum- 
ferential slit around the jet nozzle, thereby creating a shear layer profile im- 
mediately downstream of the nozzle which fulfills the condition for absolute 
instability for a mixing layer (Fig. 27). 



Dynamic Control via Boundary Conditions may be stochastic or pe- 
riodic: 

Stochastic control is scarcely used as direct tool to influence a given flow 
in a desired direction, since it is neither overly effective nor specific. It is 
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Fig. 23. Spatial growth rates of 0th and 1st mode for two velocity profiles (Michalke 
1984). 





more often an unwanted condition where one would only like to know its 
consequences. Its means are preferably a high turbulence level in either the 
entrained- or the primary jet fluid. The comparatively weak effect depends 
on the turbulence level as well as on its scale. It is most effective when the 
level is high and the scale is of the same order of magnitude as the structural 
scale of the turbulence to be controlled. Stochastic control of this kind may be 
purposeftilly used to increase entrainment or to accelerate laminar-turbulent 
transition. Its global effect in jet flow is a— mostly insignificant — ^increase of 
spread, which in essence amounts to an upstream shift of the virtual origin. 
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Forms: 




Vortex-dynamics - triangular jeb 




Fig. 24. Non-symmetric nozzle forms, and vortex dynamics of primary structure 
past triangular nozzle. 




Fig. 25. Entrainment characteristics of elliptic jet (from Ho and Gutmark 1987). 






Fig. 27. Jet with circumferential suction at nozzle circumference (Strykowski and 
Niccum 1991). 



The more effective and most often used way of dynamically controlling a 
turbulent jet is by 

periodic excitation of the dominating instabihty modes. Excitation at a 
specific firequency /sinitiates the growth of the instabifity wave and causes 
the formation of concentrated vorticity — structures of a high degree of organi- 
zation/ coherence — ^in a certain flow region. It is accompanied by a step-wise 
growth of the jet width, strong local entrainment and considerable increase 
of the Reynolds-stresses, in particular the shear stress. Some examples are 
shown in Figs. 28 and 29. Typical amplification factors are — depending on 
the excitation ampfitude — of the order < 10^. The region of strongest man- 
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ifestation of the periodicity is around the downstream position v/here the 
characteristic frequency fdx) of the unexcited flow corresponds to the fre- 
quency /b of excitation. Thus, the lower the excitation frequency is, the 
ftrrther downstream its controlling effect is fomid. 

The following listing gives a general framework for the important frequen- 
cies or Strouhal numbers {d - nozzle fliarneter, Ug -= exit velocity): 

Control of the core region (x/d < 6): 

• preferred mode: 0.2 < .fgd/UQ < 0.6 

• shear layer mode: 0.8 < Sx,max %x/Uq < 1.5 

(depending on forcing amplitude — see Fig. 28) 

Control of the far region 

9 plane jet. Sx,ma.x. — max{^) ^1-0 

(asymm.etrie mode) (Fig. 20) 

9 axisymmetric jet: Sx,m.ix fEx/Umax(x) ^ 0.5 
(1st hehcai mode) 

Attenuation of turbulence was observed at higher frequencies (Zaman and 
Hussain 1981). 




Fig. 28. Round Jet with 0th mode excitation — shear layer mode (Michalke and 
Wehrmann 1964). 

Amplitudes of forcing perturbation are typically low of the order < 1 % 
of Dq, going up to 100% (‘pulsing jet’ see Bremhors and Watson 1981). 
'Wherever the flow is unstable to more than fine mode, as in the core region, 
it may be controlled by combinations of different modes, whereby a variety 
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Sx3 = fEXs/Uo”1-0 

Fig. 29. Plane jets with 1st mode excitation, (a) Averaged spread (from Korschelt 
1980 and (b) trajectory of deflected jet (from Hilberg 1996). 



of effects are achieved. This was demonstrated by Paschereit et al. (1992), 
who applied mixed frequency- and mode forcing on a round air jet. Figure 
30 shows schlieren pictures and a contour plot of cross-sections in the core 
region of the jet with different forcing conditions (see also Boree et al. 1996; 
Osthues 1986). 

Combinations of specific forcing frequencies with their subharmonic may 
be particularly effective. Depending on the phase relationship between the 
two frequencies and provided that their phase velocity is equal over a sufficient 
distance, an energy transfer between the two waves may occur which amounts 
to an overall effect that exceed the sum of the individual effects if only single 
frequency forcing were applied (see Paschereit et al. 1995; Husain and Hussain 
1995). This effect is often called ‘subharmonic resonance’. 

Many of other specific effects can be achieved by forcing with single fre- 
quencies or frequency combinations, as e.g. the so called ‘bloo m i n g’ or ‘bi-/ 
tri-/ n-furcation’ by double mode excitation as was reported by Lee and 
Reynolds (1985) (see Fig. 31) or the deflection of a jet (‘vectoring’) by forc- 
ing only part of the jet’s circumference and thereby causing an asymmetrical 
distribution of the entrainment strength. 

We summarize the effects achieved by periodic forcing as follows: 

— Periodic forcing leads to excitation of the inherent instabilities 
and to formation and stabilization of coherent structures. 
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Fig. 30. Deformation of jet-cross-section by mixed frequency and mode forcing 
(small amplitude), a: no forcing, b; forcing at fundamental (m := 0), c: forcing at 
fundamental and subharmonic (m = 0), d: forcing at mode m = -1 and m = 2, e: 
forcing at mode m = 2 and m ~ -2, f: contours of at forcing with modes m = 
-2/2 — after Paschereit et al. (1992) 

Major consequences are; 

— non-linear — ^locally increased — ^spread 

— influence on mixing (typically reducing) and entrainment (in- 
creasing) 

Special effects achieved: 



— change of cross-section and amplification of small scales by mode 
combinations, blooming, folding (increased mixing) 

— enhanced effect of forcing by subharmonic resonance 

— deflection (vectoring) by non-symmetrical forcing 

At high Mach numbers reduced effects of control by periodic forcing are 
achieved. 

Most apphcations of dynamic jet control is by open loop. Applications 
where closed loop control has been successful are particularly in combustion 
(see e.g. Giitmark et al. 1995; Parekh et al. 1996). Investigations of the possi- 
bility of flame stabilization by strong periodic forcing by Hilberg (1996) have 
shown that a jet-flame can be established at high velocity with a concentrated 
flame region by a folding mechanism as shown in Fig. 29b. 
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blooming jet 

bi-/ tri-/ n-furcation jet 




Fig. 31. Examples of specific forcing applications— double mode excitation (Lee 
and Reynolds 1985). 



2.3 Wakes 

Wakes in a constant velocity are only asymptotically self-preserving. They do 
not seem to reach a universal equihbrium state, developing instead in a way 
which depends on characteristics of the wake producing body: e.g. its shape 
and solidity, as was shown by Wygnanski et al. (1986). Wake flow is char- 
acterized by periodicity (Berger and Wille 1972), where typical (coherent) 
structures are similar to those in the jet, albeit stronger, and better orga- 
nized with a multitude of modal developments in the axisymmetric case. In 
the two-dimensional case the two dominating modes — ^the sinusoidal and the 
varicose — are of comparable strength and probability, showing a tendency 
towards early development of three-dimensionalities. 
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Configurations. As in the jet we distinguish by basic geometry between 
plane-, axis 5 nnmetric- and three-dimensional wakes. Based on the different 
flow characteristics distinction is also made between the near wake, which is 
dominated by flow reversal and absolute instability behaviour (see Berger and 
Scholz 1990; Scholz 1985), and the far wake, which is convectively unstable 
(Fig. 32). 




PLANE: symmetric / varicose mode 

ROUND: multiple modes 



Fig. 32. Wakes: configurations, definitions, regions. 



Goals. There are three major goals for which control of wake flow is of in- 
terest. This is 
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— Reduction of drag (reducing with increasing Re) — an energy problem, 

— suppression of vortex shedding — a mechanical and sometimes an acous- 
tical problem, and 

— increase or reduction of heat transfer — again an energy problem. 

Other than for jets, wake flows are also of technological importance at low 
or medium Reynolds numbers. Let us therefore look at some characteristics 
of wake flow behaviour for difierent Reynolds number ranges: 

Reynolds-Number Effects 

20 < Re < 100 : increase of critical Re-number (46) up to 90 is possible 

100 < Re < 500 : hmited Suppression of vortex shedding is possible. 

Control is preferably by periodicity 

500 < Re < 200000 : S 5 mchronization of vortex shedding by periodic ex- 
citation is possible. 

There is a limit ed possibihty of suppression of 
vortex shedding by periodic excitation with large 
amplitudes. 

Excitation of separated shear layers in the near wake 
with high frequenc forcing may be useful. 

Stationary methods to influence the near- wake 
stability, (base bleeding, control wire) is supe- 
rior to dynamic methods 



Stability Characteristics of the Near Wake. They depend on the ge- 
ometry of the wake producing body. As an example let us consider only the 
near wake behind a circular disc, which — according to Berger et al. (1990) is 
dominated by three iastabflity modes (Fig. 33): 

— The High Frequency ‘shear layer mode’, characterized by 
Rsl = fshD/U ^ 0.5 

— The Low Frequency ‘pumping mode’: 

Sp 0.05 

— The hehcal mode: ~ 0.135 



Static Control. There are three principal methods of statically- or passively 
controUing the near wake flow: 

The first method is designed such as to suppress the initial vortex shedding 
by attenuation or suppression of the ‘feedback information’ between both 
sides of the cyhnder. This is quite successfully achieved by a sphtter plate 
(Roshko 1954) or by steady blowing (‘base bleeding’) or suction at the base of 
the body. Figure 34 shows the blowing and suction rates needed to suppress 
the vortex shedding behind a plate according to Schunim (1991). 
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( a ) 

Shear Layer Instability 




(b) 



Fig. 33. Near wake of a circular disk — (a) Three regions/modes of instabihty; (b) 
Visuahsation of wake with m — 1 excitation. 




By the second kind the flow field is slightly modified such that the con- 
ditions for absolute instability are violated and the flow becomes only con- 
vectively unstable. This group encompasses control of the density field by 
heating of the body (in gas flows) or cooling it (in liquid) and the control 
wire as discussed by Strykowski and Sreenivasan (1990). 

While the above methods are rather limited to low and medium Reynolds 
numbers, effective suppression of vortex sheedding at high — technologically 
relevant— Reynolds numbers (e.g. masts, chimneys, offshore structures) is 
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Re^ 



Fig. 34. Control of vortex shedding from cylinder by base bleeding or suction (after 
Schunun 1991). Critical flow rates, where c& = (Ub/Uoo) • {hfD). Uh — control 
velocity, Uoo ~ free-stream velocity, h = sht hight, D = cylinder (wakes) diameter. 



achieved by specific surface roughnesses, where the so called ‘Scruton Spiral’ 
(Scruton 1981) is particularly well known and found on many industrial chim- 
neys and exhausts. This spiral introduces three-dimensional vorticity which 
causes a distortion of the shed vortices (ondulation along their axes) and 
subsequent disruption (see Fig. 35). 



Dynamic Control. The near wake being an absolutely unstable flow cannot 
be controlled by external periodicity. 



Stability Characteristics of the Par Wake. The far wake is convectively 
unstable. It can therefore, as was only recently shown by Wygnanski et al. 
(1986), be dynamically controlled to the same degree as the mixing layer, 
where again the characteristic three regions (I, II, III) as described by Fiedler 
et al. (1981) are found. An obvious practical aspect to this is the inherent 
possibility of changing the signature of wake- producing (aquatic) vehicles. 

Static Control. In a practical sense this is only possible by additives. 



Dynamic Control. Stochastic perturbations of the far wake by turbulence 
in the basic stream causes increase of the spread, as was shown by Symes 
and Fink (1978) — Fig. 36. 

Control of the far wake by periodic perturbations is possible as in a jet. 
Siuce, however, the spread rate of the wake is considerably smaller than that 
of a jet, the frequency variation in downstream direction is also small and 
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Fig. 35. Control by surface structures (Scruton 1981). (a) Structure deformation, 
(b) practical realizations. 



the downstream extent of the range controlled, therefore considerably larger 
than in a jet. Possible means of controlling the far wake are by 

— longitudinal fluctuations in the basic flow 

— transverse fluctuation in the basic flow 

— transverse vibration of the wake production body 
- periodic rotation of the wake production body 

— periodic blowing/suction through slots in the body’s surface. 



Special Methods and EJGfects. Experiments with closed loop control of a 
cylinder wake at i?e ^ 4 10^ by periodic blowing through slots in the cylinder 
surface reveal the following (Fig. 37): 
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J^^/Uo = A(x/M)-°; 



A/M = C(x/M)° 



I 



2 



1.53 

10.00 



0.158 0.613 0.100 0358 

0.397 0.688 0388 0.255 



Fig. 36. Influence of turbulence level in the basic stream on mean spread of a 
cylinder wake. Go = Wake momentum thickness. 



- A general problem offeedbackis introduced by the time delay between the 
control signal and the signal to be controlled: this causes an amphtude 
modulation which prevents full suppression of the ‘plant-signal’. Effective 
suppression is only possible when the delay time is zero, i.e. when the 
measuring device is not located at some position downstream of but at 
the ‘plant’, i.e. at the wake producing body itself Moreover, there is the 

— problem of feedback in absolutely unstable systems: Djmamic control ap- 
pears to be possible only with the characteristic frequency or its subhar- 
monic(s). 

Still, a reduction of the coherent energy by approx. 40 % can be achieved, 
while the stochastic energy content remains essentially unaffected (Heine et 
al. 1997). 

2.4 Juxtaposition and Summary 

It is interesting and revealing to compare and juxtapose the different be- 
haviour of jet and wake when exposed to periodic excitations of, say, the 0th, 
or the 1st mode as was discussed above. Obviously, the effect of forcing a 
structure must depend to a large extent on the ratio between vortex veloc- 
ity and the velocity by which the structures are transported (other than by 
their own induction) . Or to be more specific: the velocity field of the jet in 
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Fig. 37. Sketch of the feedback system 



quiescent surroundings is a consequence of the induction of the dominating 
vortices. Perturbation of the latter is therefore directly reflected in the flow- 
field. Consequently, excitation of a jet structure is of comparatively strong 
effect. 

In a wake, with its prevailing memory of initial conditions, the vortices 
themselves constitute only a perturbation of the basic convective flow. Their 
perturbation is therefore only of secondary effect — except for the near- wake 
region, where the flow is dominated by the large structures and their motion, 
and where the ‘external’ flowfield is then of reduced influence. 

It is for this reason, that spectacular effects as observed in the excited 
jet in quiescent surrounding will not be found in wake flows, nor can they be 
expected for jets in a moving stream. The generic picture of jet- and wake 
flow as shown in Fig. 15 may serve to support this explanation. 

A special jet-wake combination of some technological relevance is pro- 
vided by the jet in a counter-stream (Konig and Fiedler 1991; Yoda and 
Fiedler 1996). Depending on the ratio of the jet velocity over the ambient 
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(coimterstream-) velocity R = Uj/Uq (where Uj = velocity of the jet and 
Ua — velocity of the counter-stream) we observe two different flow situations: 
A higly unstable flow for R> lA where control by periodic forcing at reason- 
able amplitudes is of no visible effect, since the random motion of the flow in 
the stagnation region is of high amphtude, thereby causing phase scrambling 
of any periodic wave imposed onto the flow. For R<1A the jet unmediately 
wraps around the nozzle and creates a wake of some receptivity to periodic 
excitation at d iff erent modes. 



3 Mixing Layers 

Mixing layers have for long time been the favourite objects for turbulence 
researchers, surpassed in the number of papers devoted to them only by 
those on wall boundary layers. This is easily understood since the mixing 
layer represents the cleanest scenario for a free turbulent, non-decaying flow, 
being somewhat of a hybrid between jet and wake. For both flows the mixing 
layer provides the first configuration of transient and finite extent. General 
introductions and surveys on mixing layers were given by Birch and Eggers 
(1972), Ho (1982a), Fiedler et al (1981), Fiedler et al. (1988b), Browand and 
Ho (1983), Ho and Huerre (1984). 

3.1 Introduction, Confilgurations, Definitions 

Mixing layers are basic building blocks of a large variety of flows with often 
three-dimensional geometry, distortion or varying pressure. Classical objects 
of research are on the other hand the more basic, simple geometries — ^the 
plane mixing layer between parallel streams of ‘infinite’ extent and the ax- 
i.sy mme tric layer — ^two flows of limited self similarity — see Fig. 38. In the 
general case the layer is formed between two streams of different velocity Ui 
and U 2 {< Ui) showing linear spread in the case of constant pressure. There 
is s uffi cient experimental support for the general vahdity of a transformation 
- widely known as the ‘Abramovich-Sabin-rule’ (Abramovich 1963; Sabin 
1963) — ^by which the results for mixing layers between streams of different 
ratios U 2 /U 1 can be reduced and generalized. Introducing a velocity param- 
eter A = (Hi — 112 )! {U\ + ^2) = AUfEU we find the local width 6 in the 
general case to be described by 



b = A&0 j 

where 60 = width of the single stream mixing layer {U 2 = 0) at the same x- 
pc^ition. A relation between local width as de fin ed by the momentum thick- 
ness 0 and downstream position x is given as 0/Ax « 0.032. 

Figure 39 shows a general velocity profile of a plane mixing layer flow and 
gives some definitions and relations. 
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In recent years the interest on flow geometries with parallel primary 
streams was extended, following a growing interest in' more complex con- 
figurations and their control. Thus, constraining and distorting geometries 
were looked into and finally the study of general three-dimensional mixing 
layers between two non-paraUel streams in parallel planes was taken up. 







Fig. 38. Mixing layers as building blocks of other, more complex flows, and the 
basic, plane configuration. 



3.2 Purpose of Control — Goals 

There are numerous examples as to the aim and purpose of mixing layer 
control. Most obvious ones are 

— enhancement or reduction of turbulent mixing — either in an overall sense 
or locally, i.e. ‘tailored to measure’ — important for chemical and combus- 
tive processes 

— modification or adjustment of local spread, which is closely related to 

— modelling and manipulation of (coherent) structures. This provides a 
basic mechanism for 

— control of entrainment, as well as for 
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Fig. 39. Definitions, mean velocity characteristics and spread parameters of the 
plane mixing layer. 



— control of noise production 

Since, as we have already have seen, control is essentially based on manipu- 
lation of coherent structures making use of the stability characteristics of the 
flow to be controlled, we shall first discuss the 

3.3 Stability and Structures 

A mixing layer provides a perfect example for a Rayleigh-unstable flow. Fig- 
ure 40 shows amplification curves for various velocity ratios — expressed by 
the flow parameter A, as obtained by Monkewitz and Huerre (1982) for spatial 
amplification of a laminar flow. Its applicability to a turbulent flow was shown 
by Gaster and Kit and WygnansM (1985). Obviously the one-stream layer 
(A = 1) is the most unstable configuration. The value for maximum amplifi- 
cation is gradually reduced for lower values of A, approaching the temporal 
amplification curve for A 0. 

The evolving coherent structures, appear in a comparatively simple sce- 
nario, as can be seen in shadowgraphic flow visualizations (Fig. 41). Many 
streakline visualizations have shown the typical spanwise structures of large 
scale and the superimposed longitudinal vortices, where the latter are often 
triggered and their spacing determined by minute upstream irregularities in 
the primary flow. Only the complete three-dimensional structure provides for 
turbulent (small scale-) mixing, the enhancement of which, therefore, requires 
the control of three-dimensionahties. 
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Fig. 40. Amplification curves for different flow parameters (after Monkewitz and 
Huerre 1982). Spatial amplification rate — cci vs. frequency, u for plane shear layer 
(tanh-profile); — A = l, - -- A = 0.9, - - A = 0.7, — • • - A = 0.5, — A << 1 

(temporal). 



The coherent structures scenario is then as follows: primary structure is 
the line vortex with axis parallel to the trailing edge, which forms as a conse- 
quence of Rayleigh-instability of the basic flow. Those primary structures are 
called ‘rollers’. Soon after their formation, secondary instability sets in, which 
leads to their spanwise undulation, followed by the formation of secondary 
structures, so called ‘streaks’. Those are longitudinal counterrotationg vor- 
tex pairs with average spacing of the order of the downstream distance (wave 
length) of the rollers. A conceptual sketch of the complete structural scenario 
is shown in Fig. 42. 

Although beyond an overall Re 5 molds number of order Rcx > 10® the 
global rate of spread of the flows seems to have achieved its asymptotic, 
Re-independent value (Birch and Eggers 1972) there is a ‘diffusion critical 
Reynolds number’ (defined by Konrad 1977), 






AUl, 





dU 




£/ 


dy 


max 



2 X 10“ , 



below which turbulent mixing is at a very low level. This critical Reynolds 
number was first determined from the ‘unmixedness’ distribution and is re- 
lated to the development of three-dimensional small scale motion, as shown 
in Fig. 43 (after Dimotakis 1991). 
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3.4 Control via Boundary Conditions 

In the following we shall again discuss the different possibihties of control, 
distinguishing primarily between static (passive) and dynamic (mostly active) 
methods. 



Static Upstream. The condition of the separating splitter-plate bound- 
ary layer is the most basic parameter of influence for the evolving mixing 
layer, a condition which had been overlooked in many early investigations 
and gave rise to controversies. Only as late as in the 70 ’s Batt (1975) and 
Foss (1977) investigated the different developments of turbulent mixing lay- 
ers starting from laminar and from turbulent (tripped) waU boundary layers. 
Later investigations concerning the effect of sphtter plate geometry and of 
the boundary layer(s) were done by Hussain and Zedan (1978a), Hussain and 
Zedan (1978b), Husain and Hussain (1979), Dziomba (1981), Gurecki (1981), 
Dziomba and Fiedler (1985), Bell and Mehta (1992). 

According to most investigations the length a^asymptotic of the development 
region from the boundary layer to the final asymptotic mixing layer state is 
given by 

400 < AXasymptotic/T;'6> < 600 , 

where U0 = Oi &2 + h = sum of the momentum thicknesses of the two 
boundary layers at the trailing edge plus the thickness h of the trailing edge 
itself. In the case of a one-stream layer U0 - 0 \ . This is less than the conser- 
vative value of 1000, which was proposed by Bradshaw (1966) and considered 
a standard since then. In the transitional region of the mixing layer devel- 
oping from a turbulent boundary layer the spread rate and the turbulence 
level is generally below that of the fully developed mixing layer. In the sepa- 
rating laminar boundary layer flow there is first an overshoot of spread rate 
and turbulence intensity (owing to the highly agitated flow during the L/T 
transitional process), before the flow reaches asymptotic values. For equal 
momentum thicknesses at TE the tripped flow — while providing a better 
defined upstream condition — needs slightly longer to reach the as 5 miptotic 
condition. Trip wires to achieve turbulent conditions at separation may be of 
different shape, e.g. straight or bent wires or coarse sand paper. A criterion 
for dimensioning the trip wire number is 

dU 

Re = — > 900 , 

1 / 

where d = diameter of trip wire and U = free stream velocity. 

Other, more elaborate means of passive control are provided by shaping 
the tr ailing edge geometry, thereby directly triggering and controlling the 
formation and the characteristics (spacing, strength) of the streaks. Typical 
TE-geometries used for this purpose are those which are 

— variable in x-y-direction = sawtooth geometries 
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— variable in x-z-direction = corrugated trailing edge (e.g. Lasberas and 
Choi 1988; Lasheras and Cho 1986) — Fig. 44 

— vortex generators on the surface of the splitter plate near the trailing 
edge. A long estabhshed apphcation of this is the so called Seifert-winglet, 
which is used for closed loop — open test section wind tunnels to break up 
the coherence of the large scales in the enclosing mixing layers and thereby 
preventing the unwanted and higly disturbing pmnping characteristics 
often found in such tunnels. 




Fig. 44. Formation of longitudinal vorticity past corrugated trailing edge. 



Static control by upstream boundary condition is by definition limited 
to a certain downstream length, after which the flow asymptotically retains 
its neutral state. This length is, however, by no means small and therefore 
neghgible, depending inversely on the velocity parameter A. The following 
Fig. 45, 46, 47 demonstate the far reaching influence of trip wires of various 
diameters and boundary layers of different thicknesses and characteristics on 
the development of a mixin g layer with A = 0.33 and A = 0.42 (Dziomba and 
Fiedler 1985). 



Static Overall. This offers but few possibilities for control; an obvious one 
is by pressure gradients: 



1 . 



2. 



dp 

dz 



a transverse pressure gradient is achieved by a curvature of the 



flow in the x-z-plane. This will cause a mean swirl vector pointing in 
downstream direction. Thus, apart from a three dimensional turbulent 
structure, the flow becomes three-dimensional in the mean. 



dp 

dy 



the mean flow remains two-dimensional; the influence is only on 



the structure. We distinguish between a stablihzing curvature (towards 
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Fig. 45. Spread of tripped and untripped mixing layer for turbulent and laminar 
separation at TE {0 = momentum thickness, Xo = virtual origin). 



3. 



the low velocity side) with the effect of reducing the spread, and desta- 
bihzing curvature with the opposite effect (Plesniak et al. 1994). 



dp 

dx 



there again the mean flow retains its two-dknensionahty. For 



positive gradients the mean flow is decelerated and vice versa. In a de- 
celerated flow the vortex dynamics and thus the mixing capacity is en- 
hanced (Konig and Fiedler 1995); acceleration stabilizes the large scale 
structures, thereby deactivating vortex dynamics and reducing the small 
scale mixing. Strongest stabihzation is achieved when the characteristic 
frequency becomes constant throughout the flow (Fiedler et al 1991b). 



Figure 48 sketches the geometries for the three pressure gradients. The 
influence of various longitudinal pressure gradients is most obvious from three 
flow simulations shown in Fig. 49. 



Distortion and Confinement {p ^ p{x,y, z) = const.). Another way of 
passively controlhng the development of a mixing layer is by flow distortion 
or confinement. Here are two examples: 

1. Distortion: The mixing layer develops in a test section of gradually chang- 
ing cross section with downstream distance. In this situation the flow is 
influenced or controlled by axial strain on the coherent structures. Com- 
pression destabilizes the structures, thereby increasing the mean spread 
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Fig. 47. Development of maximum intensity of longitudinal turbulence intensity 
for different upstream boundary conditions. 



and reducing the Reynolds stresses, in accord with the reduced maximum 
gradient of the mean velocity distribution. Stretching of the dominating 
vortices has the opposite effect. Figure 50 shows the configuration and 
some typical effects as were e.g. studied by Paschereit et al. (1989) and 
Keffer et al. (1978). 

2. Confinement: Growth and structure of a jfiee mixing layer are found to 
be considerably influenced by the lateral extent of the flow at reduced 
relative side wall distance. First investigations of this condition in a one 
stream layer (A = 1) were reported by Bilberg and Fiedler (1989), (see 
also DimotaMs and Brown 1976): With increasing aspect ratio A = L/h 
(where h is the sidewall distance and L the length of the test section — 
see Fig. 51) a periodicity develops in the spectrum, accompanied by con- 
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Fig. 49. Simulations of three longitudinal pressure gradients by DVS (Spieweg 
1994). 



siderable increase of spread. The amplitude of this periodicity reaches 
saturation for > 40, corresponding to hjOi, « 1 (0l = momentum 
thickness of the mixing layer at test section exit). 

This effect, which appears to be quite spectacular in flow visualization 
and less so in the measurements, is demonstrated in Fig. 51. Here we 
have a case of feedback of pressure waves from the two traihng edges of 
the test section side walls to the trailing edge of the mixing layer (as 
was aheady conjectured by Dimotakis and Brown (1976). Those pressure 
waves are uncorrelated at large values of h, and then unable to maintain 
a feedback cycle. The feedback frequency scales with a Strouhal number 
of5' = /L/t/i = 1.0. 
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Fig. 50. Distorted mixing layer — configuration and some results. 



Suppression or attenuation of the feedback loop is possible by modifica- 
tion of the sources of the feedback signal, i.e. the sidewall trailing edges 
by short flexible (energy absorbing) or by indented (scrambling) trailing 
edge extensions. Reduction of the feedback effect is also provided by in- 
creased turbulence level of the basic flow and by reducing the relative 
distance of the bottom wall of the test section firom the mixing layer. 



Dynamic. Periodic forcing was probably the first conscious apphcation of 
mixing layer control. Some early investigations of the axisymmetric case date 
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Fig. 51. Confined mixing layer by reduced aspect ratio. 



back to the ’50s, yet only in the ’70s did this technique attract serious inter- 
est and detailed investigation in plane flow were then undertaken (Bechert 
and Michel 1975; Oster et al. 1978; Fiedler et al. 1978a). Many aspects were 
clarified by a host of investigations to follow, the major results of which are 
summarized by Ho and Huerre (1984). Here we mention only a the work 
by Bechert (1985), Bechert and Stahl (1988), Dziomba and Fiedler (1985), 
Fiedler and Mensing (1985), Fiedler and Thies (1978b), Oster and Wyg- 
nanski (1982), Weisbrot and Wygnanski (1988), Wygnanski and Petersen 
(1985),Michalke (1965), Ho and Huang (1982b). 

By periodically exciting the flow with /e at the trailing edge an (in z co- 
herent) instability wave is triggered and subsequently amplified — according 
to the amphfication curve shown in Fig. 40 — to reach its most amphfied state 
near the position of the characteristic frequency fc of the mixing layer flow, 
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where in the plane case and p = const, /c oc 1/a;. Thus, with periodic forcing 
we control the formation and stabihty of the Rollers. The most obvious effect 
of single-frequency forcing is a local widening of the flow of up to 100%, 
accompanied by an increase of the Reynolds stresses and the coherence (sta- 
bilization) of the dominating structures. 




Anfachungsbereich Sattigungsbereich Zerfallsberereich 

0 05 10 15 




Fig. 52. Stability, amplification of periodicity and flow deformation (taken from 
Fiedler et al. 1981.) 
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Figure 52 illustrates this situation by juxtaposing a smoke picture of an 
excited flow bordered by two isotachs and below the corresponding amplifica- 
tion curve (same scale), where in addition to the theoretically obtained curves 
(Michalke 1972) the hatched distribution gives the range of amphfication 
curves evaluated from actual measurements of coherent velocity components 
of the excited turbulent flow above. 

For very high excitation amphtudes we even may find small regions of neg- 
ative spread rate and negative production. The development of the amphfied 
signal along x is — when properly normalized — self similar in a wide range of 
forcing amphtudes (Fig. 53). The entrainment flux undergoes a maximum, 
followed by a minimum, after which the flow as 5 miptotically returns to its 
neutral state. The essence of this is sketched in Fig. 54 (see Ho and Huang 
1982b; Roberts 1985). 




Fig, 53. Generalized development of amplified flow component for different initial 
(forcing) amplitudes. Ss = Stouhal No. at saturation — after Fiedler and Mensing 
(1985). 



Recent investigations concentrate on more elaborate excitation schemes, 
as e.g. by multiple frequency forcing (Ho and Huang 1982b), wave packets, 
amphtude modulated excitation, three-dimensional forcing etc. (Fiedler et al. 
1988b; Nygaard and Glezer 1991; Inoue 1992) by which specific influences — 
particularly on small scale mixing — can be exerted. 

There are many uses of controlhng the rollers, as e.g. in mixing, entrain- 
ment and noise production (coherent pressure fluctuations) as well as in sta- 
bilization of structures at very small amplitudes for the purpose of their 
detailed investigation, as is shown in Fig. 55. 
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Fig. 54. Characteristics of excited plane mixing layer: a) non-hnear spread vs. 
downstream coordinate and b) entrainment rate, for increasing excitation ampli- 
tude. 



Periodic forcing can also be applied for the control of longitudinal struc- 
tures (Streaks) by introducing spatial periodicity, i.e. three-dimensionality, 
by transverse periodic forcing amplitude. 



Some specific aspects: 

— Introduction of the periodic signal into the rnixing layer flow at the trail- 
ing edge (the place of maximum receptivity) can be done by remote 
sources (loudspeaker)— see Bechert and Stahl (1988), Bechert and Michel 
(1975) and Rebel et al. (1992) - as well as more directly, flexible and 
adaptive by local actuators at the trailing edge, e.g. by jets, moving 
pins, heat pulses, flaps or other means. Amphtudes of the forcing signal 
are — ^unfortunately — often given only in geometric or electric dim ensions, 
which are meaningless if not supplemented with details of the actuator 
characteristic. In terms of lateral fluctuation intensity or vorticity fluctu- 
ations the t 3 q)ical amplitudes apphed are of the order < 1 % of the mean 
velocity di^rence AUi ^2 
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Fig. 55. Influence of excitation amplitude on flow (from Fiedler et al. 1991b). Re- 
gion I: stabilization of periodicity. Region II: ‘filling up’ of structural intermittency. 
Region III: influence on structure itself. 



- Combinations of control methods, e.g. combination of control of rollers 
and streaks is useful to introduce tliree-dimensionality at low frequencies 
and thereby enhance turbulent stirring and subsequent mixing, since the 
essence of mixing is the increase of reaction surface. Once again: Increased 
spread is not tantamount to mixing improvement, as is often assumed. 

- Modes: Turbulent shearflows are often imstable to various modes, all of 
which may be excited to control the flow in various ways. Axisymmet- 
ric mixing layers have an infinite number of instability modes of which, 
however, only the first few are significant and provide a basis for control. 
Plane mix ing layers can be correspondingly controlled by periodic waves, 
which — by introducing a phase shift along the trailing edge permit an in- 
finite variety of control modes (see below). Combinations of modes may 
be used to achieve specific circumferential mean-flow and intensity distri- 
butions and thereby to control the small scale turbulence in a secondary 
way (see Paschereit et al. (1992) and Fig. 30). 

- Combinations of frequencies — resonance: A mixing layer can be simulta- 
neously forced with two frequencies. Special effects occur when those two 
frequencies are one octave apart. Energy exchange takes place between 
the corresponding wavetrains over a certain distance provided their phase 
velocities are equal. This may entail to particularly strong forcing effects. 
In this situation we speak of ‘subharmonic resonance’. Since the phase 
velocities depend on the frequency, becoming constant and equal only for 
higher frequencies (Cohen and Wygnanski 1987a, 1987b), the effect is not 
found at low forcing frequencies (Paschereit et al. 1955). Figure 56 has 
some results (see also Husain and Hussain 1995). 
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Fig. 56. Evolution of momentum thickness and maximum turbulence intensity 
along xjD for various cases of double-frequency forcing with subharmonic a.Tud 
various conditions of the separated boundary layer of the nozzle. Urmje.t = 8 m/s, 
D = 50.8 mm, Ren = 2800. (a) natural, untripped BL; (b) natural, tripped BL; (c) 
untripped BL, forcing at ysubharmonic ^ 184 and ^fundamental ~ 368 Hz, amplitude 
ratio Asub/Afun = j— 0.1; (d) untripped BL, 1184 and 368 Hz, 7 = 1.6, A<f) = 0°; 
(e) tripped BL, 184 and 368 Hz, A(j) = 90°. A(f> = phase shift between fundamental 
and subharmonic wave. Max. forcing levels normalized with jet velocity werde 3.2 % 
in cases (c) and (d), and 6.5 % in case (e). 



— Actuators: Typical actuators for periodic forcing at the trailing edge are 
sketched in Fig. 57 together with three examples of actuators which are 
driven by the flow itself (‘passive’ dynamic control). 

— Feedback: This is seldom used in controlhng free turbulent shearflows. 
‘Natural’ Feedback may inadvertently be present in a flow as e.g. in the 
case shown in Fig. 51, where complete elimination is achieved by simple 
damping. This case is described by the block-diagram shown in Fig. 58. 
Amphflcation of periodicities is always possible, attenuation or even can- 
cellation not, as long as there is a delay time between the initiation of the 
perturation and the sensor is not zero. Global feedback may, however, be 
useful in the sense that a certain characteristic is monitored ( e.g. the en- 
trainment flow or — ^in case of combustion — the flame temperature) which 
then serves for adjusting amphtude or frequency of the forcing signal (see 
also Monkewitz 1989; Dimotakis and Koochesfahani 1987). 
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Fig. 57. Actuators for djuianiic forcing of the flow, (a) active (b) passive. 



3.5 Control via Flow Field / Field Effects 

Static. Density effects: Influences of density differences of the two streams 
on the strength of coherent structures have been investigated and are doc- 
umented in the literature (e.g. Rebollo 1972; Abramovich 1993; Fiedler et 
al. 1993; Soteriou and Ghoniem 1995a; Soteriou et al. 1991; Lummer 1989; 
Fulachier et al. 1989, Nottmeyer 1990). It was found that the influence of 
density ratio on the formation of coherent structures and mean spread is 
weU described by stability theory: Coherent structures are stabihzed (and 
thereby the spread reduced) in a situation where the higher density is on 
the high velocity side and vice versa (‘co-gradient’- and ‘counter-gradient ’- 
configuration). Figure 61 shows stabihty diagrams for different cases of A^i = 
and Ap = ^Pi, 2 /YjPi, 2 - The quantity most sensitive to the 
density ratio is the p^-uCcorrelation, while the p -^'-correlation remains largely 
indifferent to inhomogeneities. The overall spread is a function of the density 
ratio, being larger in the counter-gradient case, with stronger effects on the 
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Fig. 58. Block diagram of the natural feedback. 



low density side of the flow. On the basis of his measurements Nottmeyer 
(1990) suggests an extended ‘Abraraovich-Sabin-rule’ for the spread of the 
density field as 6/600 = A(l— 0.627tanh(2Ap)), where boo spread for a velocity 
parameter A = A„ = 1 and a density parameter Xp — {pi —p2)l{pi + P2) = 0. 

Polymere additives: This important aspect ( ‘Toms’ (1948) efiect’) was - 
among othersg — studied by Kwade (1982) and by Riediger (1989), who found 
small amounts of long chained high-polymeres (e.g. Separan) to provide a 
significant reduction of small scale turbulence (corresponding in its effect to a 
laminarization, i.e. suppression of dissipation), which in turn strengthens and 
stabilizes the coherent transverse vortices — the rollers. The total spread was 
found to be smaller in the presence of additives — owing to different behaviour 
of the two flows in the initial region-yet the spread rate was higher by more 
than 40 % — see Fig. 60. 



Dynamic. Periodic control by the overall flow field — as introduced by, say, 
a periodically fluctuating external stream — is, because of the receptivity at 
the tra iling edge, tantamount to forcing at the upstream boundary. This is 
also the case for a periodicity embedded in random turbulence of the basic 
stream(s), as e.g. from a blower or some other vibrating component in the 
flow conduit. Only small effect on the flow development is from 

Random turbulence: Dubuat’s paradox, according to which the drag of 
a body at rest in a moving fluid exceeds that of a moving body in a fluid 
at rest, at closer inspection turned out to be an early example of flow con- 
trol by disturbed flow conditions (high turbulence level). Dziomba (1981), 
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Fig. 59. Influence of Xu and Xp on the stabihty of a mixing layer (after Lununer 
1989, see also Koochesfahani and Prieler 1987). 
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Fig. 60. Spread of an additive-controlled mixing layer. 



Tavoularis and Corrsin (1987), Chandrsuda et al. (1978) and Tanner (1989) 
have invested some effort into the study of the consequences of turbulence in 
the primary streams on the subsequent flow development. Dziomba found the 
flow to reach an early self similar state for initial (but decaying) turbulence 
levels of approx. 2 %, exceeding the rate of spread for low turbulence levels at 
otherwise same conditions by approx. 10 %. This is accompanied by a reduced 
turbulence level in the flow by again 10 %. Tavoularis and Corrsin (1987) and 
Chandrsuda et al. (1978) were rather concerned with questions of structure. 
Particularly in the work of Tavoularis and Corrsin (1987) it was shown that 
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the turbulenee level does not seem to interfere with the (spontaneous) cre- 
ation and development of coherent structures, which appears contradictory 
to the finding s reported by Chandrsuda et al. (1978), and Tanner (1989) gives 
spread rates for different external turbulence levels, which he finds strictly 
on theoretical grounds. His results (which need experimental corroboration) 
show, that in any case — according to expectation — ^increased external turbu- 
lence levels give rise to increased spread. The overall effect depends on the 
velocity parameter A. It is almost neghgible for A 1, becoming, however, 
significant for small values of A and may cause 100% spread increase for, 
say, A = 0.14 and a turbulence level of (only) 3%. Tanner’s theoretical re- 
sults may be approximated by b/bo ~ 60(rui -j- rw 2 )/A -j- 1, where 6 = flow 
width in the presence of external turbulence, &o = flow width for neghgible 
external turbulence, and Tui ^2 = turbulence intensities of streams 1 and 2, 
respectively. There is then apparently no way to give an upper critical level 
for the external turbulence below which there will be no influence, since this 
is a function of A: for small values of A, i.e. small velocity differences AUi^ 2 i 
the equihbrium turbulence level produced in the mixing layer itself will be 
equally low and may approach the external turbulence level, which, by usual 
standards would be considered ‘innocent’ (see also Bell and Mehta 1992). 



3.6 Three-Dimensional Configurations and Special Effects 

Most basic investigations of flow control as discussed in the foregotug consider 
only two-dimensional and axisymmetric cases. Flows of technical importance 
are, however, mostly three-dimensional and extrapolation of results obtained 
in idealized geometries are problematic. Moreover, we know that mixing is en- 
hanced by additional shear in y-z-plane, and that three-dimensionality desta- 
bilizes and destroys two-dimensional structures responsible for noise produc- 
tion and mixing suppression. 

Some examples of technological and other situations where threedimen- 
sional mixing layers play an important role are hsted below (see Fiedler et 
al. (1997); Fiedler 1995): 

— Flow over swept wings, sails, tilted roofe, corners; over and past tapered 
cylinders or bodies of non-axisynunetric shape (wind engineering). 

— Confined flows 

— Aerod 5 mamic flow, flow over ship hulls, automobiles. 

— Flow past finite wings (ventilators, turbine blades). 

— Shearflow between inhomogeneous or non-parallel streams. 

— Swirhng flows — ^airplane jet; mixer flow in jet engine, etc. 

— Jets from non-circular or 2-D nozzles. 

— Jets in crossflow. 

— Basic elemens of turbulent and transitional flow. 

— Meteorology. 
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Three dimensionalities in mixing layers is always found in random turbu- 
lence, unless suppressed by, say, MBD forces or buoyancy. It is also charac- 
teristic for large scale structural elements, unless control by periodic forcing 
is apphed (stabilization of the rollers), and it may be a characteristic of the 
mean flow (primary three-dimensionality). Here is a more 



Detailed Classification. 

1. Primary three-dimensionality by geometry or boundary condition; 

— corrugated or slanted TE 

— streamwise variable test-sections 

— excitation with spanwise variable amplitude, phase, or frequency 

— flows not at right angles to splitter plate 

2. Primary three-dimensionahty by basic flow inhomogeneity or three-di- 

mehsionality; 

— non-parallel streams 

— non-homogeneous streams — including separating boundary layers 

3. Secondary three-dimensionality by structural development: 

— deformation of rolls — > formation of ‘streaks’ 

— excitation with odd mode or combinations 

A particularly interesting case of structm^al three-dimensionalities is shown 
in Fig. 61, depicting the laminar-turbulent transition in an axisymmetric 
mixing layer (initial region of a jet) as reconstructed from a series of LIF 
visualizations. 

A definition of three-dimensional configurations is shown in Fig. 62. 

Following we shall discuss a few cases of primary and secondary three- 
dimensionahty, and possibilities for their control in some detail: 



Four Special Cases. 

1. Mixing layer between oblique grazing streams — symmetric plane config- 
uration (primary three-dimensionality — see Griindel and 1992; Fiedler et 
al. 1995; Griindel et al. 1995; Luo and Fiedler 1997) 

The mean velocity field is described by :C = {[/; V (x, y ) ; W (x, ^), where 
^ 1=^2 = 15°/30° and Ci = C 2 = 8 m/s. Figure 63 shows flow geometry 
and visualizations. 

This is now a temporally (convectively) growing parallel vortex layer (in 
z-direction) with the following characteristics: 

— Primary structures develop as spatially steady helices with axes par- 
allel to the x-axis. 

— Helical pairing of those structures is observed. 




402 






6 Control of Free Turbulent Shear Flows 403 



— three-dimensional mudng layers between oblique streams are qualita- 
tively similar to two-dimensional mixing layers regarding their bulk 
quantities, e.g. spread, their structural development and their control 
behaviour. 

— Well organized coherent structures form only when the wave vector 
of most the amplified instability wave is normal to the mean vorticity 
vector. This is only the case in symmetrical configurations. 

— The fiow may be characterized by a generahzed (vectorized) flow 
parameter 

“ m+m ■ 



Pig. 63. Symmetric mixing layer between grazing oblique streams — ^visualizations, 
(a) cross-section (y-z-plane); (b) top view. 



2. Oblique parallel mixing layer with A = 1/3 (asymmetric case — primary 
three-dimensionality — see Griindel et al. 1995; Kibens et al. 1988; Bliimel 
1993; Luo and Fiedler 1997; Spieweg 1994); 

The mean velocity field is described by O = {17 (rc, y)\ V (x, y)\ W (x, y)}. 
Figure 64a shows the basic configuration and definitions. 
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A flow of this kind has special characteristics, as e.g. 

— Structures in the plane mixing layer between parallel oblique streams 
are weak and — on the average — at right angles to the mean flow, i.e. 
paraUel to the mean vorticity vector 1?. 

- spanwise pairing is observed. The flow develops stronger three-dimen- 
sionalities (vortex dynamics, mixing) than the classical o two-dimen- 
sional mixing layer. 

— Obhque waves parallel to the trading edge may develop when periodic 
forcing is applied. This was not found in naturally evolving flows. 

— In numerical simulation of a forced flow we find a checkerboard pat- 
tern of structures in the top-view. This demonstrates the fact that 
the mean vorticity vector and the instabihty wave are not parallel. 
Side view reveals that the structures (i.e. the concentrated vortic- 
ity lines) are actually not interlaced but staggered. This interaction 
(misahgnment) of instability wave and vortex lines is responsible for 
the weak structural organization (Fig. 64b). 

3. Secondary three-dimensionalities in a nominally two-dimensional mi x i n g 
layer, with mean velocity field C — {U (x, y) ; V (x, y) ; 0}: 

This kind of three-dimensionahties are often found, developing from im- 
perfections in the test section and the primary flows. In the first place 
they tend to influence the separating boundary layer and in particular 
their laminar-turbulent transition. In the mixing layer flow downstream 
of the splitter plate those inhomogeneities are amplified to affect the tur- 
bulence structures over a long region. 

This effect may be eliminated by a trip wfre upstream of the trailing edge, 
which homogenizes the boundary layer (see Fig. 65). 

4. Primary three-dimensionahties by tlnee-dimensional periodic forcing: 
This offers many possibilities for enhancement of turbulent mixing. Here 
are a few cases: 

— Three-dimensional forcing seems to have been first applied by Ny- 
gaard and Glezer (1991) who used elaborate heating schemes on the 
sphtter plate in a two stream water tunnel, whereby almost any con- 
ceivable two- and three-dimensional static and d5mamic forcing condi- 
tion could be adjusted. This permits the introduction of longitudinal 
vorticity in a predetermined way, thereby providing possibilities for 
selective control of small scale mixing enhancement. 

- Oblique excitation with flap at TE (phase shift in z-direction) was 
studied in a special situation by Griindel et al. (1995). 

- Flap-excitation with spanwise variable amphtude. This case was in- 
vestigated by Paschereit and Fiedler. 

Figure 66 shows four cases of discrete vortex simulations (Spieweg 1994) 
of three-dimensionally excited plane mixing layers: Juxtaposed are (1) 
the natural flow, (2) the flow with oblique excitation (phase variation in 
z), (3) a flow situation where plane excitation is apphed over half of the 
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b) 




Fig. 64. (a) Configuration and definitions of the obhque parallel mixing layer; (b) 
Formation of diamond-shaped vortex pattern: top- and side-view of a discrete vortex 
simulation. 
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Fig. 65. Homogenization of separating boundary layer by a trip wire on the sphtter 
plate. 
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depth (step change of amplitude along z), and (4) the same situation as 
in (3) yet with obhque forcing at constant amphtude over one half of 
the flow depth. There is enhanced vortex d3mamics and production of 
small scale in the wedge developing between the neighboring conditions, 
in the angle of which corresponds approximately to the spread angle of 
the natural flow. Continuous succession of alternating forcing amphtude 
then may be expected to provide a versatile way to control the mixing 
layer for better mixing. 



DISCRETE VORTEX SIMULATIONS 
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Fig. 66. Discrete vortex simulations of mixing layer with various three-dimensional 
forcing conditions. 



Structures iu Three-Dimensional Mixing Layers — Summarizing Ob- 
servations. As in all shear flows coherent structures in mixing layers are 
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related to and a consequence of their instability behaviour. Accordingly we 
observe in the experiment primary structures which are also found in stabil- 
ity calculations (Luo and Fiedler 1997), ranging from rolls with axes parallel 
to the traihng edge in a plane configuration (Fig. 42) to traihng vortices 
with axes normal to the trailing edge in the case of a mixing layer between 
grazing streams in symmetrical configuration (Fig. 63). In fact, the pri mar y 
structures are always oriented such that their axis is parallel to the direc- 
tion of the mean vorticity vector. Well defined structures seem to be formed, 
however, only in symmetric configurations, as outlined in Fig. 67, i.e. when 
the instability wave vector and the mean vorticity vector are at right 
angles. All other configurations appear to be wakly organized. Accordingly 
we should expect symmetric flows to be better suitable and susceptive for 
dynamic control than asymmetric ones. 




Fig. 67. Symmetric and asymmetric three-dimensional ML-configurations: (a) unH 
(d): asymetric cases; (b) and (c): sjnnetric cases. 



Control. There are two possibilities: 

1. Direct excitation of the flow instability. 

In general the flow is excited by introduction of periodic vorticity fluctu- 
ations i?' at the traihng edge (e.g. by flap or loudspeaker), where 

17' = j?o ( 2 ) sin(o;t -}-kz) . 

The temporal term ut stands for the periodic wave travelhng in down- 
stream direction. This alone is apphed to trigger the rollers in the plane 
mixing layer (symmetrical case). 

The spatial variation of vorticity — expressed by kz, with k = wavenum- 
ber in 2 -direction — ^is applied in the symmetrical mixing layer between 
oblique grazing streams, where the structures are steady and may be 
excited and stabilized by vortex generators on the sphtter plate. 

In all other — ^non-symmetrical — cases control is possible only by a com- 
bination of temporal and spatial forcing, which in any case, however, is 
useful and efficient for mixing enhancement. 
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2. Indirect control 

This can be done by manipulating the mean flow fleld by as e.g. by suction 
or blowing through the trailing edge. In this way it is possible to suppress 
the instabihties and the subsequent formation of structures by the wake 
past the sphtter plate, thereby stabilizing the mixing layer structures. 



Other Effects. There are many other parameters affecting the stability of 
a Tniring layer flow and the formation of ist structures. Let us have a quick 
look at two of them: 



— Compressibility: this has for all shearflows an attenuating effect on the 
instability (see Fig. 68): Consequently the formation of coherent struc- 
tures is weakend and so is its controllability (see also Lu and Lele 1994; 
Gutmark et al. 1995;; Reynolds 1883. 




Fig. 68. Attenuation of mi xing layer spread with increasing convection Mach num- 
ber (after Barre et al. 1994). 



— Buoyancy: This has — ^in a way similar to curvature — ^two sides to the 
coin: depending on whether the Richardson number is positive or negative 
we experience reduced or increased spread of the flow (e.g. Schowalter et 
al. 1993). 
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4 Mixed Cases 

4.1 Introduction 

Quasi idealized situations of clean flows as were discussed in the foregoing 
chapters are comparatively scarce in practical apphcations. More often than 
not we find combinations of flows as in a separating boundary layer which 
has characteristics of both ingredients — ^the waU bounded flow and the free 
shear flow. Following we shall discuss a few cases of recent interest. 



4.2 Separating/Separated Flows 
(Mixing Layer with Wall Effects) 

Separation of a boundary layer flow may be caused by many things, as e.g. 
sharp edges, shocks or gradual pressure gradients. At closer inspection we 
And, however, that the cause for separation is always the same: the existence 
of a longitudmal positive pressure gradient, which reduces the kinetic energy 
of the streamlines in the immediate vicinity of the surface, thereby render- 
ing them unable to overcome further increase of pressure. There is a clear 
distinction between what we may caU weak separation and strong separation, 
where the former encompasses all cases of undefined, i.e variable, separation 
locations, while the latter describes flow situations with fixed separation. In 
this sense all flows discussed in Chaps. 2 and 3 are of course separated flows - 
strong as in the cases of jets or mixing layers or wakes of sharp edged bodies, 
or weak as in wake flows past bodies with smooth surfaces. Other than in 
those cases we shall deal in this chapter only with separated flows where ef- 
fects of the waU are still present to such an extent that it strongly influences 
the flow considered (Gad-el-Hak and BushneU 1991). 



Weak (Undefined) Separation. A typical example of a weakly separating 
flow and at the same time a flow of high practical importance is the boundary 
layer at incipient separation as e.g. on an aerodynamic wing surface. Given 
the possibility to control this flow, thereby preventing or delaying separation, 
we have an instrument to control its aerodynamic performance— in particular 
the lift and drag characteristics. Again, such a separating boundary layer may 
be influenced by passive or by active means. The point or fine of separation 
depends essentially on the surface contour, the pressure gradient and the 
boundary layer profile. 

Separation on an airfoil may be caused by genuine separation of the 
boundary layer itself or by bursting of the leading edge separation bubble. In 
both cases the wall boundary layer leaves the wall and develops into a free 
shear layer which is still influenced on one side by the wall. Since the free 
shear layer is by far more susceptible to control than the boundary layer, it 
is the former which can be influenced most easily. Attempts to control this 
kind of flow effectively and reliably date back to early times in aerodynamic 
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history. Ttue success is, however, only of recent. Apart from passive methods 
as e.g. optimal shaping of the wing section or introducing longitudinal vor- 
ticity to increase the vertical exchange of energy and momentum by vortex 
generators, substantial increase of lift coefficients seems to be possible only 
through active control methods. Those are either by boundary layer suction, 
influencing the L/T-transition via feedback, or based on periodic forcing of 
the separated boundary layer, which, when properly agitated, increases its 
entrainment on the lower side and may therefore reattach (Coanda efiect). 

Various technologically feasible means for introducing the periodic vortic- 
ity into the boundary layer near its incipient separation have been suggested 
and investigated, e.g. 

1. vibrating flaps as e.g. by piezoelectric actuator (Nishri and WygnansM 

1996), 

2. acoustic excitation, (Stone and McKinzie 1984; Ahuja and Burrin 1984), 

or 

3. periodic tangential blowing. 

It appears that tangential blowing — ^under certain circumstances with 
steady blowing added— has been most thoroughly investigated (e.g. Nishri 
and WygnansM 1996; Seifert et al 1993a, 1993b) and provides one of the 
best ways of separation control of high efficiency. At elevated Mach numbers 
{Ma > 0.3) steady blowing is of reduced effect. An even more efficient way 
of introducing periodicity is by piezoelectric actuators. There, however, it is 
important to choose the proper location of the flap, since its efficiency is only 
guaranteed when it is upstream and near to the point of separation. The 
effect of periodic tangential blowing is on the other hand less sensitive to its 
location, which is typically near the leading edge of the profile (Fig. 69). 

In fact, an excited separated boundary layer (becoming a mixing layer 
when separated) will approximately follow the curved surface contour, thereby 
causing a pressure distribution on the surface which in turn provides consid- 
erable hft increase although true reattachement may never be achieved. If 
separation is achieved, it is importand to observe the fact, that the lift char- 
acteristic (Ch)vs. angle of attack (a) is typically hysteretic: Once the flow 
stalls at a given a, the angle of attack has to be taken back to much smaller 
values to achieve reattachement — see Fig. 70. 



Strong (Defined) Separation. Cases of strong, i.e. defined separation of 
a flow which is influenced by a nearby wall are abundant in technological 
apphcations. While separatnig flows over smooth ramps or through diffusors 
(two- and three-dimensional) may still be categorized under ‘weakly’ sepa- 
rating flows, whenever those ducts have sharp edges — as wiU be mostly the 
case for manufacturing reasons — ^the separation is fixed to those edges. 

A classical model case for this kind of flow is the backward facing step. Its 
two-dimensional configuration has been abundantly investigated for various 
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Fig. 69. Typical locations of actuators on wing surface. 




(b) reattachment. 



boundary conditions and parameters. To control this flow with the major 
purpose of reducing its pressure loss (e.g. for a sudden axpansion in a pipe) or 
its drag as in the case of a truck or a train, we have the following possibihties 
at our command (for configurations see Fig. 71): 

1. Passive control by 

— giving it an appropriate form — e.g. as a ‘cusp-diffusor’ (Ringleb 1951), 

— perturbed upstream boundary conditions (shaping the trailing edge 
such as to introduce longitudinal vorticity). 

2. Active control by 

— suction and/or blowing, or by 

— periodic excitation of the separated flow. 

The diagrams of Fig. 72a-72d summarize results recently obtained for two 
step configurations where the normalized reattachment length x^/s serves a 
criterion. Step (1) was investigated in a water tunnel at a Reynolds number 
of Re = Uqs/v ^ 4000 and a step aspect ratio of h/s = 2.5. Investigations 
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Fig. 71. Configurations of backward facing step. 



with step (2) were done in a wind tunnel at Re = 4800, 15000, 27000, and 
aspect ratio h/s = 15 (s is the step height and b is the width). 

Figures 72a-72d show the major results, where the suction rate is defined 

go 1/* = Isuction 

sbUo 




Fig. 72. a) Normal step with two suction ports. 
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Fig. 72. b) Step with extended trailing edge (approximation of cusp) — two suction 
ports. 
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Fig. 73. Visualisations: (a) ‘natiuaP flow; (b) Ml flow deflection as achieved in the 
configuration as in Fig. 72d. 
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Some results obtained with step (2) are shown in Fig. 74 (a,b). 




Fig. 74. Effects of control by suction — step (2): (a) Influence of suction rate and 
location of suction port; (b) influence of Reynolds number. 

Based on those results the effect of control by suction on the step flow 
performance may be thus summarized: 

— Suction has strong effect on the reattachement length, particularly for 
suction rates 5 % < F* < 10 %; for F* > 10 % the effect is comparatively 
small. 

— In the uncontrolled flow xr/S » 5. Minimum reattachement length which 
is achieved by suction at locations other than at or near the TEisxrI S = 
1 — 1.5 for V* > 30 %, where the location of the suction port is irrelevant 
as long as it is not too far downstream. 

— With V* < 5 % the flow downstream of the step is unstable, becoming 
more stable for V* > 10 Yo. 

— Strong suction stabilizes the corner vortex behind the step without ex- 
tension. Better stabilization, also for lower suction rates, is achieved with 
extension of TE. 

— The effect of a cusp form as well as of a TE-extension on xr is insignifi- 
cant. 

— Suction, with E* > 20 % near the TE without extension causes 
complete deflection of the flow (no separation). In this case a 
region of high turbulence level is foimd further downstream (see 
Fig. 73). 

— With suction through the backward facing waU with E* > 10 % a particu- 
lar vortex shedding downstream of the step is observed. It is characterized 
by a Strouhal number St = fs/U « 0.03. 

— With increasing Reynoldsnumber the effect of suction is re- 
duced. 

— With respect to efficiency the investigated direct control through steady 
suction is by far inf erior to the indirect control by periodic forcing at the 
TE (discussed below), since the latter utilizes the amplification charac- 
teristic of the mixing layer flow with a typical gain of order 100. 
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— Extreme situations, as e.g. full flow deflection, seem, however, possible 
only via steady suction, while the dynamic method appears to be limited 
to 2^R/Smin ~ 2. 

In some technical applications where the step is in a flow region of elevated 
pressure, it might be possible to provide effects as found for suction simply 
by local bleeding. Combining suction with blowing at the same flow rate into 
the separated region may cause the step flow to become absolutely unstable. 

The possibility of controlling the step flow by periodic perturbations in- 
troduced at the trailing edge was studied by Sung and Chun (1996). His 
setup is shown in Fig. 75, with the major effects achieved with high forcing 
at amplitudes of 35 % and 50 % of Uq given in Fig. 76. Lower levels of forcing 
are needed for laminar separation (Huppertz and Janke 1997). Applications 
for this method are found in combustion control as described by McManus 
et al. (1993). 




Fig. 75. a) Sung and Chun’s (1996) setup for periodically excited step flow. 



4.3 Confined Flow 

Interactions may often cause self sustained oscillations as a consequence of 
internal feedback in the flow. Various cases of flow interaction and self sus- 
tained oscillation have been described by Rockwell and Naudascher (1979), 
Weir and Bradshaw (1974) and Ziada and Rockwell (1981). The influence of 
the system response on the coherent structures in a confined shear layer was 
studied by Veynante et al. (1986). 

Growth and structure of a free mixing layer are found to be consider- 
ably influenced by the lateral extent of the flow at reduced relative side wall 
distance and may under certain conditions cause undesired perturbations in 
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Fig. 75. b) Reduction of relative reattachment length achieved by periodic 

excitation (Sung and Chun 1996), versus pulsating velocity. 



the flow to be studied. Investigations of this condition in a one-stream layer 
(A = 1) were reported by Hilberg and Fiedler (1989): With increasing as- 
pect ratio A — L/h (see discussion in Chap. 3) a periodicity develops in the 
fluctuation spectrum, accompanied by considerable increase of spread. Phe- 
nomenologically s imil ar observations of strong periodicity, which are, how- 
ever, caused by different physical mechanisms, were reported by Giger (1987) 
for two-dimensional jets in shallow water (e.g. river estuaries). Active feed- 
back interaction experiments in a shear layer have been reported by Dimo- 
takis and Koochesfahani (1987). 

4.4 Combined Flows 

Classical combinations of shear flows are obtained by combinations of the 
basic model flows, e.g. wall jets and wall wakes. There is a considerable body 
of knowledge about controlling those flows, in particularly the waU jet ( e.g. 
Zhou et al. 1996). We shall discuss here only a few special cases. 



Confined/ Combined Flow. Mixing layer in a pipe: This is a configuration 
of some potential for mixing and heat transfer. In ah realistic cases of mixing 
layer flow there is always a wall influence present, albeit often negligible, 
and it may not be unwelcome under all circumstances. Thus, the confined 
mixing layer in a pipe is not a simply a superposition of a mixing layer 
and pipe flow, and visualization discloses a variety of phenomena which so 
far are not explained. This is particularly true for the case of periodic flow 
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excitatiation at low Reynolds numbers where one observes singular critical 
mixing phenomena, which are not known from the ‘ordinary’ mixing layer 
and are also not found in a simple pipe flow (Wang and Fiedler). 



Plow-Body/Siirface-Interaction — ^Impinging Flows. A summary of ba- 
sic configurations and possibilities for natural feedback in flows with flow- 
body interaction was presented by Rockwell and Naudascher (1979). The 
configurations shown in Fig. 76 which are taken from this paper may be use- 
ful for designing control actuators; they may in other situations obviously be 
detrimental for flow and structures. 

An example of flow control by utihzing an interaction effect of this kind 
is shown in Fig. 77. The pressure loss of a sudden expansion in a pipe can 
be reduced by approximataly 25 % with an orifice insert which by interaction 
causes a periodicity in the flow comparable to a periodically excited step 
flow as discussed above. This is an example of an efficient possibility of a 
simple and robust passive control, which, wherever its noisyness is of no 
importance, can be used in a large number of technological applications at 
high Reynolds numbers. Figure 77 shows relative reduction or increase of 
pressure loss parameter as a function of the orifice ratio d*/d and the relative 
diaphragm position a:/ d for a given expansion ratio of D/d = 2.24. 




Fig. 76. Basic configurations of flow body interaction creating periodic fluctuations 
after Rockwell and Naudascher (1979). 
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Fig. 77. Control of a sudden-expansion flow in a pipe by diaphragm insert. 



4.5 Summarizing Remarks 

Mixed configurations provide a multitude of control possibilities which are 
typically Reynolds number dependent. Some important onservations are: 

1 . Separation and lift in weakly separating flows can be controlled by passive 
means, e.g. stationary smface structures, and actively through suction, 
periodic excitation, or by L-T-transition control via adaptive feedback. 

2. Strong separation flow can be controlled by suction (large effect, low 
efiiciency) or by periodic excitation (small effect, high efficiency). Passive 
control by special contours is of small effect. 

3. Feedback control of confined flow has good apphcations in combustion. 
Confined flows show large control effects — often by natural feedback (ab- 
solute instabihty). 

4. Low Reynolds number confined flow is highly selective to fi-equency forc- 
ing with strong mixing potential. 

5. Flow body interaction may cause strong, self-sustained periodicity. 

5 General Summary 

In trying to reduce the control problem to its essentials all of the above can 
be re-traced to two key phenomena: 

1. turbulent mixing (re-distribution/diffusion) and — even more fundamen- 
tally: 

2. turbulence creation/destruction, with its three aspects: 

— laminar/ turbulent transition, 

— production, 

— dissipation. 
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What can be accomplished by control depends entirely on 

1. the stability characteristics of the flow, 

2. the efficiency of the control method apphed, and 

3. the interaction of the scales and energy mechanisms. 

Thus, increasing the spread of a given free flow by 100 % is a comparatively 
easy task if one uses the proper ‘tool’: periodic excitation — thereby control- 
ling the (creation and stabihzation of) coherent structures. This may often 
provide the best results. And indeed also the mixing process, which is primar- 
ily related to the smaller eddies, ’’trapped” as it were in the large coherent 
ones, are controlled, however indirectly, by controlhng the large ones. Other 
indirect ways of control, e.g. via entrainment (turbulence level of the pri- 
mary streams) is, by comparison, only of small effect. The situation may be 
inverted for flows of strongly reduced instabihty, e.g. for mixing layers with 
low values of A. Another parameter of influence is the ratio of convection to 
diffusion in a flow as discussed in the comparison of jet- and wake flow. 

Reductions of certain characteristics, e.g. spread, on the other hand ap- 
pears to be more limited. This is equally true for free flows and even more 
so for wall bounded flows, where the achievable reduction in frictional drag 
seems to be limited to approximately 10%. What is of importance in any 
case is how, i.e. to what extent, the quahty to be controlled depends on the 
quality which is (most easily and effectively) controllable. 

There are two general spects to control: (1) Control proper: Initiation of 
control manifestations — instability modes (‘tickhng of flow’ with high amph- 
flcation gain) and (2) the reponse of the flow to modifications of basic — or 
boundary conditions. Ways and stratagems to influence a given flow and to 
achieve useful results in comparison with the efforts needed necessitate a 
clear knowledge about turbulent structural interplay, stabflity behaviour and 
amphfication rates. Apart from the direct control of flow instability and thus 
of the primary structures by one or more frequencies, we have a number of 
passive mechanisms to influence turbulent structures, as e.g. by 

— influencing the stability characteristics of the basic flow (walls, field ef- 
fects), by modifying the mean velocity field, by 

— influencing the stability of the basic coherent structure (wall geometry, 
field effects, upstream boundary conditions), thereby — in certain cases — , 
by 

— influencing the feedback characteristics of the flow. 

Finally: In mixed cases best conditions will be achieved when combining 
flow control with a control-adapted design. 
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Abstract. The control of near- wall turbulence is the topic of this contribution 
to the shortcourse volume on Flow Control. Turbulent boundary layer structure 
and near-wall turbulence structure in particular is considered and how passive and 
active modifications to the structure can produce a diminution in drag. This contri- 
bution examines varioiK methods for passive and active control of these structures, 
which include riblets, humplets, spanwise wall oscillations, selective interference 
a.nd selective introduction of turbulence at scales different to those aheady existing 
within a boundary layer. 



1 Introduction 

The effects of wall roughness on the transfer of momentum, heat and mass 
has been central to many investigations; however, most of these, at least to 
the early 1950’s, were concerned with maximizing heat/mass transfer and 
accepting the drag penalties that arise therefrom, Jayatilleke (1969). The 
collection and assessment of data, which included both two and three dimen- 
sional roughness elements, gives some evidence that skin friction reduction 
is achieved, although this is dismissed as possible poor experimental control. 
Heat and mass transfer studies normally have been conducted with the view 
to significantly enhancing their rates over smooth surfaces. In the last decade 
or so, insight into the structure of turbulence in boundary layers and the 
structure near-walls in particular has increased to the point that certain in- 
herent features have been identified and cause-effect relationships suggested. 
This opens the possibihty of control of these structures to effect changes in 
skin friction and heat and mass transfer. 

In this contribution, various techniques are examined that have the ability 
to interfere with near- wall structure. The first part considers a passive method 
called riblets, the basic ideas behind near- wall structure and the effects that 
riblets have on t hem are discussed. Other sections follow that consider alter- 
native and complementary techniques for achieving greater interaction with 
these structures through both passive and active control methods. 



2 Riblets 

It is well recorded that streamwise aligned micro-groove striations or riblets, 
see figure 1, affect the magnitude of skin friction drag, Coustols and Savill 
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(1992). The investigations include many experiments, aimed at either mea- 
suring the skin friction Wilkinson et al (1989) or understanding the details 
of the turbulence structure and the comparative effects of introducing riblets 
(see, for example, Baron et aL 1993) or isolating, by conditional sampling, 
a small portion of the structure (for example, a quasi-streamwise vortex, 
QSWV, Robinson 1991) and again comparing results obtained from flat wall 
against walls populated by riblets, Tang and Clark (1991), Tardu et al. (1993) 
and references cited therein. Computationally, various laminar (Fioc 1991, 
Choi et al. 1991) and single point closure (Khan 1986, Djenidi and Antonia 
1993) approaches have been applied, direct numerical simulations performed 
by Chu et al. (1992), Choi et al. 1993), and Chu and Karniadakis (1993) and 
also the apphcation of near-wall viscous models (NWVM) by Chapman and 
Kuhn (1986), Tullis (1992) to riblets of various geometries, TuUis and Pollard 
(1993a), (1993b) (1994). However, after approximately 25 years of research 
effort, the full explanation of why riblets work, or why they only produce 
about 8-10% drag reduction still baffles those interested either in this tech- 
nique of drag reduction or (and) in the control of turbulence. Clearly, the 
answer remains shrouded by either our still incomplete knowledge of what 
constitutes the turbulence structure near a waU or by not fuUy understanding 
what it is that needs to be controlled (for example, what precisely produces 
the instantaneous skin friction?). Interesting perspectives on some of these 
issues are revealed in the recent articles by Smith et al. (1991), Falco (1991), 
Robinson (1991) and Morrison et al. (1992). 

About 70% of the energy that sustains turbulence is generated in the 
lower 10% of the boundary layer. The spectrum of scales of turbulence are 
significant in the wall region. As 0, however, the viscous effects become 

large, and indeed, with riblets affixed to the waU, the viscous effects can 
be considered of paramount importance in the absence of structure Bechert 
and Bartenwerfer (1989), Luchini et al. (1991). It is known that turbulent 
structures exist and intrude randomly into riblet grooves, see, for example, 
Tang and Clark (1993), TuHis and Pollard (1993a), Chu and Karniadakis 
(1993), thereby having a deleterious effect on the amount of drag reduction 
that can be achieved, Pollard etal (1993). Not considered here, therefore, 
are investigations that resort to either laminar flow or those that use time 
averaged Reynolds stress modelling. 

Large Eddy Simulation, LES, to the author’s knowledge has not been 
apphed to flows on walls populated by riblets. The technique has been ap- 
phed to transitional, low and high Reynolds number flows, but many authors 
have conveniently overlooked the near- waU region by introducing a simplified 
log-law or waU function model to link the waU to the interior, Klein and Frei- 
drich (1989), Rizk and Menon (1988). At low Reynolds numbers, the need 
for wall functions is deemed unnecessary Germane et al. (1991), Yang and 
Ferziger (1993) and Zang et al. (1993); however, there are stiff some consid- 
erable differences between the LES calculations and results from either direct 
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Fig. 1. Profile of v-groove riblet, distance between crest and depth of riblet is 120 
and 130 microns, respectively. Note the curved face, near the peak of the riblet, is 
due to cutting, and the niches in the riblets. The riblets do not have sharp peaks, 
but display a flat land. Photograph courtesy of M. Weiss, Nova Husky Research, 
Calgary 



numerical simulations (mean velocities, Reynolds normal stresses) Yang and 
Ferziger (1993) or experimental data (Reynolds normal and shear stresses), 
Zang et al. (1993). At very high Re 5 molds numbers, the recent work by Man- 
hardt and Wengle (1993) is encouraging. However, the maturity of LES will 
be realised only when sub-grid scale models more fully reflect and accom- 
modate and link the resolvable scales. An attempt in this direction has been 
suggested by Sulhvan and Pollard (1994), which incorporates Gram-Charher 
reconstruction, linear stochastic estimation and wavelet filters thereby per- 
mitting the sub grid scales to be reconstructed through de-convolving of the 
filtered velocity field and the filter function. 

Two alternative approaches for modelling a turbulent boundary layer, on 
either smooth or riblet walls, are either direct numerical simulations (DNS) 
or a simplified model of the wall region [y^ < 40). WMle, clearly, DNS 
must have greater realism than something that purports to account for the 
near-wall region in simpl ifi ed ways, the over-abundance of data generated by 
a DNS calculation can easily mask or hinder the thought processes. Thus, 
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complementarily, there is value in making rationale arguments about what 
may be considered important a priori, and testing these, which is a basis for 
using a simplified model. The computational costs are considerably less than 
that required for DNS. 

Here an assessment is made of results obtained firom these two approaches 
to computing the flow over riblets. The assessment includes the results and 
the methods used to obtain them and comparison to the accumulated in- 
formation on non-manipulated turbulent boundary layers. In any turbulent 
flow situation, the skin fi:iction ideally to be obtained would be the laminar 
skin friction value at the same Reynolds number. This is, of course, behind 
the concept of compliant surfaces and laminar flow control; however, without 
direct recourse to these methods, it is appropriate to investigate if this can 
be otherwise achieved. 



2.1 Methods for Simulating Plow Over Riblets 

The data base on turbulent flow over riblets is limited to three types of 
studies: direct numerical simulations from (a) spectral-element, Chu et aL 
1992), Chu and Karniadakis (1993) or finite volume methods, Choi et al 
(1993), which physically identify many riblets and solve the three-dimensional 
time-dependent forms of the Navier-Stokes equations; (b) a spectral-element 
method, which imposes a spatially localfeed body force that opposes the flow 
velocity to create a riblet-like surface, Goldstein ef al (1995); (c) a model of 
the viscous wall region, apphcable to turbulent boundary layers, but which is 
apphed to riblet surfaces, using a control volume finite element method TuUis 
and Pollard (1993a,b)(1994) and Pollard et al (1996). From these studies, 
various insights into the effect of riblets on near- wall coherent structures have 
been gained. 

The basic parameters used in the simulations of flow over riblets are sum- 
marised in Table 1, to which reference will be made in the following sections. 



2.2 Spectral-EIement-Fourier Methods 
One way of solving the Navier Stokes equations: 



dpui ^ dpuiUj 



dt 



dXj 



dp d dui 
dxi dxj^dxj 



( 1 ) 



is to assume the velocity field can be created using: 

f\ _ yMI‘1—1 yP rp f \ i(2TtnxfLa:+2wmzfL^) 



where 



Tp{y) = cos{p cos ^y) 



( 3 ) 
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Parameter 


Princeton 

Chu& 

Karniadakis 

1993 


Stanford 
Choi etal. 1993 


Brown 
Goldstein etal. 
1995 


Queen’s 
TuUis & Pollard 
1993a, b, 1994 
Pollard etal. 1996 


UHmr/v 

Uz{H/2)lu 


3500 


4200 




— 


UE/v 


3684 


5600(?) 


3607 (*) 


— 




131 


180 


125 


Various 


LX (stream) 


677 


570 


1250 


1215 


Ly (norm) 


271 


? 


250 


<50 


L+ (span) 


271 


160 


375 


100 


Ax~^ 


42 


35 


26 


— 


Ay+ 


0.43 


0.1 


0.15 


0.7 


Az+ 


0.42 


0.64111.28 


1.5 


0.6 


T+=t(H/2)/U, 


? 


500 


23^ 


? 


T+ = tvlul 


300 


4000 


100 


243 


h+ 


17.1 


20,34.61(10,17.3 


5.31(9.4 


Various 


s+ 


17.1 


40,401120,20 


181111.7 


Various 


Shape 


V-groove 


V-groove 


V-groove 


V, U, L, etc. 


No. of Riblets 


10 


4||8 


21 


3-^8 


Computer 


Cray 

iPSC/860 


Cray 


Cray 


SGI IRIS 



Table 1. Comparison of major parameters used in simulating riblet flows. H, Hmr 
refers to channel height and channel wall to mid-height location of riblet, respec- 
tively. Un refers to mean laminar velocity. L is domain size in given direction. Ax 
is smallest grid spacing in x direction. T is time period over which statistics are 
collected, h Sz s are riblet height and spacing. Further details for Queen’s entries 
are given in Table 3. (*) see, Sirovich et d. (1991). (?) Estimated. || imphes X || Y 
- X drag neutral or drag increasing, Y drag decreasing. 



and Tp{y) is a Chebyshev polynomial (see, for example, Canute et al. 1987) 
applicable to the non-homogeneous direction (wall-to-wall) and the expo- 
nential term represents a Fourier series applicable to the two homogeneous 
(periodic) directions. 

In all the DNS methods, (first three columns of tablet), the flow is sus- 
tained by specifying either a pressure drop or a mass flow rate in the stream- 
wise direction. In the latter case, the pressure is a consequence of this decision. 
Frictional changes are then reflected in either an increase in mass flow rate 
or diminution in the pressure gradient. 

Karniadakis and his group (Princeton entry) consider a channel with one 
wall populated by v-groove riblets. The Navier Stokes equations are solved 
using spectral-elements in the cross-stream direction and spectral Fourier 
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expansions in the homogeneous streamwise direction. Third-order accurate 
advancement in time is used. “Turbulence” is claimed to be sustained with as 
httle as 4 Fourier-modes in the streamwise direction, but the full spectrum of 
scales certainly can not be resolved writh this number of modes. In the refer- 
ences cited here-in, 16 modes are used. While the computational parameters 
employed in those calculations reported seem to be consistent whth those of 
others, the time over which statistics have been gathered appears short, since 
the average eddy turn over time is about equal to the computational time 
used. It would appear that Chu and Karniadakis paid particular attention to 
the resolution requirements around the riblet peaks, although the grid spac- 
ing seems a httle large in the streamwise direction. As noted in table 1, the 
domain considered here (and by the Stanford group) is limited in streamwise 
extent. QSWV have a spectrum of diameters (5 < d'*' < 115, mean value 
« 30, Robinson 1991) and their approximate length of about 100 - 200 
Robinson (1991), or even larger Lyons et al (1989), but retain their identity 
as they are convected downstream over several channel widths. It is difficult 
to say what effect the domain length has on the calculations. Recent investi- 
gations of a temporally evolving wake indicate that the evolution of the large 
scale structures is not at the same rate as those at smaller scales as predicted 
by similarity arguments, and thus their evolution is probably influenced by 
the calculation domain size being too small, Mcllwain et al (1996). 

The calculations of Goldstein et al (1995) (Brown, tablel) use the method 
of Kim et al (1987) applied to a channel flow. The riblet surface, on one 
wall, is modelled, not as a sohd, but as a virtual surface. This is achieved by 
imposing point forces such that, at this virtual location, all fluid is brought to 
rest. It is interesting to note that a domain is used that is substantially larger 
than other simulations, and the time over which statistics have been obtained 
is equivalent to about 23 large eddy turn over times (based on H/u'). 

2.3 Finite Volume Methods 

The finite volume method, as employed by Choi et al (1992) (1993) (Stan- 
ford, table 1) solves Equation (1), over physically defined riblets on one wall 
of a plane channel. A non-orthogonal mesh is employed with concentrations 
of the grid around the riblets peaks. Second order central differencing is 
used for all spatial derivatives. Advancement in time is accomplished using 
a fully imphcit method. Thus, the Courant-Priedrichs-Le-wy {CFL) number 
([i7(| Ui \)JAxi\At) that normally limits the time step for exphcit methods, 
can be violated. However, the time step or more precisely the CFL num- 

ber, is shown to have considerable effect on the results. When compared to 
results from using spectral methods, the centreline (at = 80) rms velocities 
are over-predicted (streamwise, w), and underpredicted (wall normal v) and 
(spamvise w) by about 30%, 12.5% and 22% respectively as 0.5 < CFL < 3 
or 0.2 < At^ < 1.2, Choi et al (1992). Interestingly, when CFL > 4, a lam- 
inar flow solution is obtained. The time step {8F~ « 0.4, CFL = 1) is chosen 
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from agreement with spectral results for plane channel flow and deemed ap- 
propriate for the flow over riblets. The sensitivity of the results as a function 
of the CFL number is a little disturbing because, as is known, the shear 
stress around the riblet peaks is much larger than that found for plane walls; 
thus, from the definition of the CFL number, the ratio of velocity to grid 
spacing will be significantly elevated around the riblet peaks (relative to that 
for a flat wall), requiring a much smaller time step to properly resolve the 
time evolution of the flow. There probably exists in the flow locally laminar 
regions that will, when integrated over time, have the effect of damping the 
turbulence. 

2.4 Viscous Wall Region Modelling 

Sufficient evidence exists, from both experimental Choi (1989), Hooshmand 
(1985), Clark (1989) and computational Choi et al (1993) investigations that 
the effect of riblets is limited to the region y'*' ~ 40. This enables the use of 
a near wall, viscous, (driven eddy) model, NWVM, which involves modelhng 
the region between the wall and the outer edge of the viscous waU region (the 
inner edge of the log-law region) at ~ 40. The notion of restricting atten- 
tion only to a thin region close to the wall has been examined extensively by 
Hanratty and co-workers, Hanratty et al. (1977), Hatziavramidis and Han- 
ratty (1979), Finnicum and Hanratty (1988a), Lyons et al (1988) (see also 
references cited therein). Walker and co-workers, Peridier et al (1991a,b) 
Ersoy and Walker (1987), and Smith et al (1991) (see also references cited 
therein), Perry and co-workers. Perry and Chong (1982), Perry and Li (1990), 
Perry et al (1993), (1994) (see also references cited therein), Chapman and 
Kuhn (1986), Aubry et al (1988), Berkooz et al (1993) (see also references 
cited therein) and most recently by Kravchenko et al (1993) and Orlandi 
and Jimenez (1994). The models of Hanratty et al and Chapman and Kuhn 
have been used by TuUis and Pollard, (1991), (1993a,b), (1994) and TuUis 
(1992) and are described below, for the convenience of the reader. 

The computational domain consists of a cross-sectional y-z plane with 
< y ^ Vo and 0 < z < Zo where y} ~ 40 and the spanwise size of the 
domain (zq) depends on the particular variation of the model but is usually 
in the range of 100-200 wall units. 

The main modelhng assumption of the method is the specification of 
the velocities along a fictitious boundary located at y^. These specifications 
can vary slightly; however, the fluctuating velocity components specified at 
the upper boundary are periodic in time and spanwise location, and are 
representative of QSWV. Consequently, the an exact representation of the 
flow is not intended, but provides a model of the eddy structure in the viscous 
wall region. 

The conditions for the fluctuating velocities are periodic in both the span- 
wise direction (z) and in time. The fluctuating velocity components usually 
have two scales: one that dominates wall normal momentum transport and 




438 Andrew Pollard 



is roughly the size of the streak spacing and a larger scale accounting for 
the influence of all large “outer flow eddies” . The full form of the specified 
boundary conditions, as given by Nikolaides (1984) is: 



t/g — Uq 4“ cos I t T (j^ui 



27T 



cos 



27T 



—Z + U2 cos t + (f)u2j COS 



Ao 



( 4 ) 



^ f 2 tT , \ 27T ^ f 27T , a 27T 

Ve = Vi COS I — t + COS —Z + V2 COS ( — t + (py2 \ COS —Z 

^ f 2 tT , a . 27T ^ / 27T a . 27T 

We = Wi COS + (pjtii J sm J-Z + W2 cos + (pu,2j SUL —z 



( 5 ) 

(6) 



where Ue, and are the specified upper edge velocities. Ai and A 2 are 
the spanwise periods and Ti and T 2 are the time periods for each of the two 
eddy scales. Each of the time periodicities (fluctuations) has a phase angle 
(f) relative to some reference cycle. The amphtudes (fii, U 2 , V 2 , and 

W 2 ) for each velocity component are for each of the two scales. The model of 
Chapman and Kuhn does not use all terms in Equation 5, as noted below. The 
terms ru the above equations are ascribed values obtained from experimental 
data. The three model sets are summarised in table 2,4. The rationale for 
these choices, based on data available to the originators, are outlined below 
and this section may be omitted by the reader without loss of contuiuity. 



NWVM Parameter Selection The relative amplitudes of the velocity 
components in the two scales are expressed as the energy fraction contained 
in the smaller scale eddies (e.g. E^i — + wf))- 

The periods Ai and A 2 are chosen to represent the spanwise sizes of two 
eddy scales. In all the models, the smaller scale (Ai) is chosen to agree with 
the spacing of low speed streaks in the viscous sublayer. Sensitivity of the 
results to the choice of period has been documented, see for example, Lyons 
et al. (1988). These regions of low downstream momentum fluid are elongated 
in the streamwise direction and have spanwise spacing of approximately 100 
wall units (Smith and Metzler 1983). The streaks are generally considered 
to be the result of the hft up of low momentum fluid near the wall by a 
streamwise vortex or vortex pair. 

The larger spanwise scale (A 2 ) accounts for the iofluence of larger scale 
streamwise vortices, particularly on the spanwise velocity fluctuations {w). 
Nikolaides used a representative value of A 2 = 400, based on a rough evalua- 
tion of the RmwiVa^ correlations measured by Grant (1958) and Tritton 
(1967). Chapman and Kuhn did not select a specific value for the size of 
the A 2 scale. Instead, only the smaller scale eddies were considered to have a 
spanwise periodicity. The value of the spanwise periodicity of the larger scale 
is then effectively infinite (A 2 = 00 ). 

The time periods Ti and T 2 are usually set to roughly the same values as 
Al and A 2 . The value of T± was chosen to agree with experimentally measured 
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Parameter 


Model 1 




Chapman & Kuhn 


Nikolaides-1 


Nikolaides-2 


Ai 


100 


100 


100 


\2{U,V,W) 


00 , — , 00 


400, -, - 


400, 400, 400 


Ti 


143 


100 


100 


T2(u,V,w) 


143, -, 286 


400, -, - 


400, 400, 400 


Eul 


0.34 


0.2025 


0.15 


Evi 


1 


1 


0.75 


E-wi 


0.74 


1 


0.4 


0-tll 


0 (reference) 


252° 


216° 


(f>u2 


0 


150° 


194.4° 


4>vi 


0 


72° 


36° 


<f>v2 


- 


- 


90° 


4^wi 


90° 


0 (reference) 


0 (reference) 


4^w2 


120° 


- 


270° 



Table 2. Comparison of model parameters for near-wall viscous model 



flat wall bursting (streamwise velocity fluctuation) frequencies in all of the 
models. 

Chapman and Kuhn use values for the dtfiierent velocity components 
Ty^2 = ^Tu 2 which is based on a hiqjothetical statistically staggered large 
scale eddy flow. The value of Tu 2 is specified from the mean streamwise au- 
tocorrelation data; 



T+ = 



56 

uZ 



(7) 



where 6 is the boundary layer thickness and Uoo is the free stream velocity. 
This means that they consider the larger time scale to be dependent on 
the Rejmolds number. By considering a Reynolds number of Res ~ 14000, 
Chapman and Kuhn specified Tu 2 —Ti = 143 and avoided the question of 
whether the larger eddies scale with inner or outer variables. Nikolaides used 
the same experimental relationship (Equation 7) but specified a Reynolds 
number of Res ~ 80000 to obtain the single value of T 2 — 400 for all of the 
velocity components. 

The amplitudes of fluctuations at the different scales (ui, U 2 , vi, V 2 , mi 
and m 2) 5 3-re related to the energy fractions of the velocity components in 
each of the scales. These are selected mainly based on agreement between 
the specified upper boundary conditions and experimental data for the flow 
over flat walls at a height of = 40. For example, the values of E^i = 
uil[u\+u 2 )) were chosen so that the value of the Reynolds stress correlation 
coefficient at the upper boundary matched the experimental value of 0.45. 
The selection of the energy fractions for the v and m velocities is based on the 
assumption that the most (or nearly all) of the vertical momentum transport 
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is associated with the smaller scale eddies while the larger scale eddies account 
for at least a large fraction of the spanwise momentum transport. 

The phase angles (^’s) between the various periodic terms are selected 
based on the experimental measurements of the average size of the near-wall 
eddies and the use of computer optimisation. Since the phase angles are only 
relative values, a reference (jy value must be specified. Chapman and Kuhn 
selected both cfyui and 0^1 as the reference values. A value of <f>wi = 90° was 
chosen to match experimental values for the slope of dv^/dy at the upper edge 
of the domain. Computer optimization was used to select the values for 
and to provide as good agreement as possible for the mean streamwise 
velocity profile, the Reynolds shear stress distribution and the streamwise 
skewness levels. 

The parameters that describe the near-wall viscous model (NWVM) are 
tabulated in table 2.4. In the work reported here, the model of Chapman and 
Kuhn (essentially their model 1) was used exclusively. 



Control Volume Finite Element Method The NWVM requires coupling 
the Navier Stokes equations and the upper surface boundary conditions. The 
walls over which the flow can be calculated could be of any shape. The control 
volume finite element method (CVFEM) was used for this purpose, where all 
terms are made non-dimensional using wall coordinates. The advantage of the 
method is the use of triangular shaped control volumes that precisely out- 
lines the cross sectional shape of any riblet (within the hmit of small straight 
lengths) and that local grid refinement can be used, especially around the ri- 
blet peaks. The equations are discretised using standard finite-volume meth- 
ods Tullis (1992), Masson et al. (1994). The method integrates the restricted 
form of equations 1 (periodic in time and spanwise spatial direction) using 
non-dimensional time steps At — 2, chosen after extensive testing alternative 
values, Tullis (1992). The parabohc nature of the method causes the initial 
conditions (Laplacian equation for downstream momentum in the cross flow 
plane) to have signiflcant effect on the results, so the equations are solved over 
5 large eddy turn over times , discarding the results from at least the first 
three of these times before gathering the statistics. The convective terms 
in the equations are discretised using a flow oriented, equal order method 
that incorporates elemental (grid) Peclet numbers, thereby minimising false 
diffusion effects, Tulhs (1992). 

The CVFEM, which incorporates the NWVM models, assumes periodic- 
ity in the spanwise and streamwise (in time) direction. It therefore can not 
create any three dimensionality resulting from mean shear gradients and so 
turbulence can not be self-sxistaining: it is driven by the out-edge boundary 
conditions. 
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2.5 Results from Near- Wall Viscous Model 
and Direct Numerical Simulations 

The structure, the dynamics and the etiology of near-wall turbulence is per- 
haps best summarised, to ~1990, by Robmson (1991), Smith et al. (191), 
Falco (1991) and Morrison et al. (1992). The features so educed are used 
here to provide insight to the interaction between riblets and these features. 
A point of caution, however, is warranted. Some turbulence structure has 
been educed, in part, from data and simulations that use either data that are 
unrehable, or techniques that are inappropriately apphed. A case in point 
is the use of Variable Interval Time Averaging (VITA). VITA pre-defines 
a time-scale and threshold for the passage of a “structure” and examines 
the localized RMS velocity for peaks with respect to the long-time RMS of 
the signal. Since these peaks will represent either accelerations or decelera- 
tions either spatially or temporally in the signal, VITA will detect shearing 
events, not the peak of the acceleration or deceleration. As shearing events 
do not necessarily have a unique phase relationship with structure passage, 
this makes identification problematic, see, for example, Morrison et al. (1989) 
and SuUivan et al. (1995), where the latter paper introduces an extension to 
VITA that utilizes a wavelet basis thereby provides a more objective structure 
identification method (see Bonnet’s contribution to this volume). 

The mean axial velocity at the riblet peaks is larger than that on a flat 
wall, while it is decreased in the valleys, and with concomitant changes in 
the wall shear stress. This feature is common for aU riblet configurations that 
reduce skin friction, and is a consequence of the laminar-like flow inside the 
valleys, Bechert and Bartenwerfer (1989), Luchini et al. (1991). Thus, plotting 
the drag reduction gained as a function of the riblet spacing s"^, as s’*” — 0, 
the drag must equal the smooth wall behaviour at a rate that is dependent 
on the limiting laminar flow within that riblet geometry, see, for example, 
figure 6 of Bruse et al. (1993). Indeed, the ultimate goal of any riblet shape 
must be to optimise the way in which the structural component of the flow is 
permitted to merge with the laminar asymptote. Thus, the abihty of riblets 
to keep the wall isolated from the turbulence is a key component to their 
successful operation, Tullis and Pollard (1991), (1993a,b), (1994), Pollard et 
al. (1994), Bruse et al. (1993). Of course, turbulence will invade the valleys, 
exchanging high for low momentum fluid and destroy the relatively docile 
behaviour of the valley flow. A measure of this activity, is revealed by the 
higher order statistics of the turbulence field. 

The statistics of the velocity fluctuations are considerably modified by the 
presence of riblets. In the case of triangular riblets, which have received the 
most attention, the general findings from all simulations and experiments, 
co nfir m, for the most part that, when drag reduction is achieved, the in- 
tensities of all velocity components are lower than those at the same non- 
dimensional distance from a flat wall. As well, the Reynolds shear stress, at 
least mJ, also displays a diminution in the valleys (in fact, it is almost zero) 
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while achieving large excursions from the flat waU values over the peaks. In- 
deed, the cross-stream gradient within the valleys is so small that the struc- 
tural events (“sweep” and “ejection”) have been effectively displaced (away 
from the wall) by the riblets. In a drag neutral case, the maximmn stress oc- 
curs about 14 wall units from the riblet peak (similar to flat wall), suggesting 
that, unhke the drag reducing situation, which appear to displace the wall 
surface for momentum transfer, the drag neutral riblets protrude into the 
turbulent flow with an attendant considerable momentum transfer towards 
and away from the riblet peaks. There are no data available on either the mu 
or the vw stresses. 

Skewness, the third moment of velocity or the flrst measure of asymmetry 
in a probability density distribution, can be related to structural events. A 
positive value imphes many more small positive than the equivalent negative 
events, outside the standard deviation. The skewness in the streamwise ve- 
locity becomes significantly greater than the flat wall values (see, also, Tardu 
et al. 1993) as the riblet sizes (s"^) change from the drag reducing to drag 
increasing size, except in the riblet valleys; and the skewness of the wall nor- 
mal or transverse velocity is more greatly affected and outside the valleys 
becomes large and positive, especially below < 20. In the valleys, the 
skewness becomes large and negative. The skewness in the lateral velocity is 
largely unaffected, although, in the DNS results, a small negative value could 
be a direct result of the periodic boundary conditions. These trends are dis- 
played in figure 2 taken from Choi et aL (1992) and Chu (1992. Experimental 
evidence, using a both orthogonal X and V array hot wires give somewhat 
contradictory evidence of the skewness distribution of the lateral and wall 
normal velocity. Park (1992). A comparison between the DNS data Chu and 
Karniadakis (1993), Choi et al (1993) indicates a possible Reynolds number 
dependence (intensities are too low, due, possibly to the CFL number prob- 
lem identified earher) as even the flat waU data for aU velocity components 
are not in agreement either against themselves or against those data of Park 
(1992), Johansson and Alfredsson (1982). 

Flatness, the fourth moment of velocity is a measure of the peakedness 
of a distribution relative to a normal one (flatness factor = 3) and, hence, 
indicates the relative importance of the smaU events in the tails of the dis- 
tribution (large deviation from the mean or intermittency). The flatness in 
the streamwise velocity is significantly greater than the flat waU values as the 
riblet sizes (s+) change from the drag reducing to drag increasing size, except 
in the riblet valleys. This is at odds with the experimental data of Tardu et 
al (1993), which show that there is a decrease in the bursting frequency over 
riblets (recaU that Walsh 1990 summarises that bursting is little altered by 
the presence of riblets). The flatness of the waU normal velocity (DNS) is 
significantly lower than that for a flat wall, at least below < 15 there 
is an increasing diminution with increasing riblet size, see figure 2. It is in- 
teresting to note that Hooshmand (1985), as quoted by Walsh (1990), found 
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Fig. 2. Skewness, S, and flatness, F, factors in streamwise (u), wall normal (v) and 
span (w) directions for DNS results over riblets. Left column s'*' = 40, = 34.6, 

and centre col umn s+ = 20, — 17.3, both from Choi etal. (1992) and right 

col umn s'*" = 17.1, — 17.1, Chu (1992). For Choi etal. flat wall; — . — 

above tip; above valley; above mid-height of riblet 



(experimentally) that the transverse velocity flatness increases over riblets 
(greater intermittency); this damping is confirmed by Chu and Karniadakis 
(1993) and, as noted below, is indirectly confirmed by Goldstein et al (1995) 
but in disagreement with Choi et al. (1993). The NWVM can add nothing 
to this argument. 

The above behaviour of skewness and flatness implies that wallward di- 
rected fluid (a splat), occurring occasionally, but with large amplitude, reaches 
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into the riblet cavity. On a flat wall, this splat would spread out radially; the 
upstream direction perhaps being similar to the negative streamwise valley 
flow noted by Chu and Karniadakis (1993) giving rise to a high shear stress 
and high pressure spikes (recall the rather large streamwise spacing used by 
these authors, which may cast some doubt on this result). On a wall popu- 
lated by riblets, the pressure pulse would be imprisoned within a valley or 
at most three valleys (an example is shown in flgure 3, Tulhs and Pollard 
(1993a), (1994). There is too httle experimental evidence Choi (1987) to ei- 
ther confirm or refute this. The splat clearly gives rise to secondary flows 
within the valleys, washing out the low momentum fluid (observed in the 
NWVM and DNS results), see figure 4, and is quite probably the reason why 
riblets alter from reducing to increasing skin friction as increases. 

DNS have only been apphed to simple geometries, the computational cost 
probably acting as a deterrent to investigation of more interesting possible 
arrangements. The NWVM, on the other hand, has been apphed to a variety 
of riblet shapes, as seen in table 3. Prom these studies, the effects of splat- 
ting (a non-continuous event) on the expulsion of low momentum fluid from 
the valleys has been found to be reduced if compound riblets are used. That 
is, replacing a full-height riblet by one that is, for example, half its height 
reduces the wetted area. Furthermore, in fine with the idea that laminar 
conditions are ideal, the compound riblets act to further intervene with the 
sporadic motions of the structures so that any secondary flow engendered by 
the splats interacting with the riblets is quickly damped by the laminar-hke 
fluid contained and constrained by the sub-riblet, as can be inferred from 
the results of the NWVM apphed to thin element riblet/sub-riblet geome- 
tries, figure 5. Some data (obtained in very carefully controlled experimental 
conditions) exist on skin friction for this general concept, Bruse et al. (1993), 
which indicate that the additive effects of the riblet and sub-riblet are shghtly 
advantageous (maximum skin friction reduction 10.2%). It is significant to 
note that for (see table 3) h 2 /si « .25, and si/hi = 0.25 the extent over 
which skiu friction reductions are greater than 8% is about twice to three 
times that obtained for v-groove riblets. At the time of writing, the NWVM 
has not been applied to optimized riblet/mini-riblet geometric. 

There appears to be some consistency in the effect of riblets on two 
point velocity correlations. Baron and Quadrio (1993), used v-groove riblets, 
(s+ = = 12) and hot wires (of active length = 8.6) so some caution 

is necessary interpreting results that have some spatial averaging. Suzuki 
and Kasagi (1993a) used particle tracking velocimetry, PTV, over flat valley 
v-groove riblets, which creates a time averaged map of local velocities by 
adding together at given (periodic) spatial locations instantaneous realiza- 
tions from particles. Pulles (1988) and Gallagher and Thomas (1984) used 
hot wire anemometry. Rrom Suzuki and Kasagi (1993) and Goldstein (1995) 
close to the riblet surface (y+ ^ 14) the spanwise variation of the longitudinal 
two-point correlation Ruu cross the zero axis at about z”*” 30 and reach 




7 Near-wall Turbulence Control 445 





Fig. 3. Cross-sectional view, into the flow, over v-groove and large U-groove riblets. 
Arrows indicate cross-stream velocities and light areas inside riblets represent high 
pressure regions 



a rmnimum —0.2) at 2 :+ « 50. There seems to be some effect of riblet 
size on the results (particularly for the larger riblets of Suzuki and Kasagi 
(1993a), which may not be entirely rehable, Pollard et al 1996). Thus, it 
seems that riblets have some effect on the correlations, but there is insuf- 
ficient evidence to clearly demonstrate that their effect is to the alter the 
QSWV spacing. (It is noteworthy that polymer addition greatly e nh ances 
the spanwise correlation, as will be referred to below). Similarly, the hter- 
ature is dotted with claims that riblets somehow stabilise the meandering 
of the structures, a good summary of which is given by Walsh, (1990). The 
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Fig. 4. Cross-sectional view, into the flow, over v-groove riblet. Arrows indicate 
cross-stream velocities. Note the secondary flows, particularly in the right-hand side 
groove as splat causes cross-stream velocity to move horizontally, thereby washing 
out laminar-like fluid inside groove. 



in-depth examination of a DNS flat wall boundary layer, Robinson (1991), 
unfortunately, has not been duplicated for a wall populated by riblets. Cer- 
tainly, flow visualisation (integration by eye) is subjective and inconclusive. 
The NWVM results reveal streaky structure, TuUis (1992); however, it can 
not be claimed that the structures are in anyway damped by the presence 
of the riblets since the boxmdary conditions are imposed. It is interesting to 
note that Goldstein et al. (1995) demonstrate that the effects of riblets on the 
flow can be recreated by damping the lateral or spanwise velocity, at some 
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Fig. 5. Cross-flow view of thin element riblets 



location above the riblets (this will be more fully explored below) that “dis- 
place the streaks upward” , which is synonymous with concept of a protrusion 
height Bechert and Bartenwerfer (1989) and in accord with the idea that the 
QSWV need to be displaced and kept apart, PoUard (1994). The spanwise 
correlation coefficients are certainly very similar, at least close to the riblet 
“surface” . 

3 Alternative and Complementary Techniques 

Up to this point, two-dimensional riblets have been the focus of attention and 
evidence has been presented as to their effects on near-wall structures and 
the concomitant effects on skin friction. It can be surmised that, while 10% 
reduction in skin friction may be reahsable, perhaps there maybe alternative 
ways to achieve even greater reductions. In this section, some possible alter- 
native or complementary techniques to riblets, gleaned from recent work, are 
suggested. While links are made where possible to earher sections of this pa- 
per, the research reported is still in its infancy: speculation and uncertainty 
are expected, but foreshadows future directions. 

The four sub-sections that follow are arranged in a manner that empha- 
sises their similarity through physical actions. 
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Table 3. Cross-sectional shapes of riblets studied by Queen’s group. 
Non-dimensional sizes and spacing (s'*') and their protrusion heights (hp). 

refers to riblet thickness. 



3.1 Three Dimensional Riblets or Hmnplets 

The evolution in time of structures in a turbulent boundary layer Robinson 
(1991) (and accompanying video) indicates that the QSWV and other struc- 
tures are not aligned exclusively in the streamwise direction, although there 
is a preference for this alignment, especially for y'^ <15. Even so, the instan- 
taneous waU shear stress is spanwise non-homogeneous (at least as revealed 
by the contour levels chosen by Robinson) accompanied by areas that display 
some skewing of the shear stress contours with respect to the streamwise di- 
rection. This could be due to non-symmetric wallward sweeps or splats. The 
propensity for structures to be three-dimensional, whose birth, evolution and 
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death are stochastic in space and time suggests the notion of using three 
dimensional riblets, or say “humplets” . That is: are two dimensional riblets, 
of the type almost exclusively examined to date, the reason why only about 
10% reduction in skin friction has been reahsed? 

In any practical application, a boundary layer grows and it would be 
expected that the physical size of the riblets should reflect the physical di- 
mensions of the layer in which they are immersed (tailor the riblet to the 
application). Also, as noted by, for example, Bechert (1987) shark scales have 
humplets (that, of course, may have evolved to satisfy both structural and 
frictional requirements; also, it is known that on any given shark, the riblets 
size, shape and orientation vary from head to taU of the body), so spatial vari- 
ation in their placement should lead to at least as good a reduction to that 
found for streamwise ahgned riblets. Tests indicate that uniformly shaped 
and homogeneously placed humplets do not yield signiflcant differences in 
drag reduction over that obtained using streamwise ahgned riblets (perhaps 
1%, Enyutin and Lashkov 1987), but as the wall shear was not measured 
directly, there could yet be some advantage in further investigations. 

As in the NWVM that has led to further insights into complicated ge- 
ometries of riblets, a three dimensional version would undoubtedly hkewise 
be useful. In this regard, Liu and Liu (1993) have used a non-orthogonal, 
finite-volume method with multi-grid acceleration for DNS investigation of 
the transition over three dimensional protuberances or humplets, as shown 
in figure 6. This method could be applied to optimising a three dimensional 
humplet shape, size, orientation (it may be that a slight skewing in the hump 
relative to the mean flow direction is advisable) and distribution pattern. 

The best indication for active control and the most recent evidence of 
applying simulation methods to hmnplets has been the work of Carlson (1995) 
and Carlson and Lumley (1996). They used direct numerical simulation to 
predict the time dependent effects of raising a humplet from a wall into 
a turbulent boundary layer (channel flow), the intrusion being hmited to 

< 12. Three calculations were performed: a rising symmetrical Gaussian 
shaped humplet underneath a low speed streak and under a high speed streak 
and a Gaussian shaped humplet with aspect ratio about 2:1 with the longer 
dimension ahgned with the spanwise flow direction rising underneath the high 
speed streak. This idea of using a broader shaped humplet is in keeping with 
suggestions by Pollard (1994) that minimum drag should be attainable if the 
QSWV are kept apart, away from the wall and are well separated to minimise 
their interaction. The humplets rise from the wall as the calculation proceeds, 
thereby allowing their influence on the dynamics of the near-wall flow to be 
quantified. In the case where the humplet rises under a low speed streak, 
there is a small drag penalty, see figure 7. When raised under a high speed 
streak, there is about an equal but opposite amount of drag benefit. In the 
case of a non-symmetric actuator, the drag benefit increases over the whole 
cycle of the actuator movement, so that an estimated 7% reduction in skin 
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Fig. 6. A roughness element, that can be viewed as a humplet, courtesy of C. Liu, 
Louisiana Tech. University 



friction is claimed. It is unknown whether this method can be practically 
implemented, but there is continued effort in this regard, especially using 
micro-electromechanical systems, see other contributions in this volume. 

3.2 Wall Oscillation 

Active control of turbulence can take various forms including: sensing an 
event and reacting to it Choi et aL (1993), washing the area using sound 
thereby trying to suppress and/or augment many (or just one) scales of tur- 
bulence at once, Welsh et al. (1990) introducing turbulence with a spectrum 
of scales and energies that interfere with that which aheady exists, using, 
for example, LEBU’s. Here, some possible techniques are examined that may 
lead to control of turbulence. Compliant surfaces , wall suction and blow- 
ing are not directly considered, although they can be usefully employed in 
addition to those methods outlined below (see, for example, Bushnell and 
Mcginley (1989) and Wilkinson (1990). 

Turbulent flow, oscillated in the streamwise direction, has received con- 
siderable attention in the literature, e,g. Ronneberger and Ahrens (1977), 
Cousteix et al. (1981), Mao andHanratty (1986), Gajdeczko and Ramaprian 
(1987), Brereton and Reynolds (1991), Tardu and Binder (1993). The mean 
values are largely xmaffected by the oscillation. Thus, the logarithmic region 
normally remains distinct. Brereton and Reynolds (1991), examined the tur- 
bulence and energy redistribution on a streamwise oscUIatnig flow over a flat 
plate (oscillation frequencies less than 1/2 the supposed bursting frequency 
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CASEO: 
CASE1: 
CASE 2: 
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Fig. 7. Evolution of wall shear stress over rising Gaussian-shaped humplets. Solid 
line is for flat wall; case 1 for humplet rising underneath a high speed streak, case 2 
for under a low speed streak; case 3 for broad Gaussian humplet rising under high 
speed streak. The humplet begins to rise at Ts and reach their full height = 12) 
at Tf- Note the extended period, in the latter case, where skin friction reduction is 
achieved. Taken from Carlson (1995) 
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on stationary walls) showing that the turbulence production is increasingly 
dampened with increasing frequency in the near-wall; however, the waU nor- 
mal extent of the effects of the oscillation decreases with increasing frequency. 
Tardu and Binder (1993) find that with increasing frequency there is a de- 
parture from the modification to the ratio of amphtudes of fluctuating wall 
shear and that computed assumin g the Blasius solution is valid during each 
mstant during the oscillation. This, in general, coincides with Mao and Han- 
ratly (1986), but not with Finnicum and Hanratty (1988b). It is suggested 
by Tardu and Binder that geometrical factors may account for the difference 
implying that larger eddies play a role in the relaxation mechanism near the 
wall. Clariflcation of this is required. However, streamwise oscillations, im- 
posed by vibrating the wall itself appears to have been seldom examined, 
Kobashi and Hayakawa (1981). 



Jung et al. (1992) oscillated, in the lateral direction, the lower waU of chan- 
nel, using DNS. They found that for osciUation periods 25 < < 

500 produced drag reductions of up to 40%, the maximum at = 100. The 
normal and Reynolds shear stresses were both significantly damped (stream- 
wise, t6, 14% reduction; waU normal, v, 30% reduction; lateral, w, 35% re- 
duction; uv 40% reduction) and that the maxima in each stress moved away 
from the waU toward, but never reaching, the centreline. The mean veloc- 
ity profile, under maximum skin friction reduction conditions, shows a smaU 
logarithmic region, with a concomitant increase in the thickness of the buffer 
layer and an almost non-existent linear shear region {u^ == y+). It is argued 
that a reduction in the number and intensity of turbulent bursts is respon- 
sible for the observed behaviour. This was deduced, it seems, from noting a 
significant increase in the spatial homogeneity of constant vorticity magni- 
tude (1 a; 1= l.lw^/c^) with the introduction of waU oscfilation. This imphes 
that the waU oscfilation reduces the flow to more or less two dimensions, 
since spanwise variation is significantly reduced. Interestingly, in the confer- 
ence presentation of the same work AJdiavan et al (1992), when the contour 
value of constant vorticity is increased (| uj \= 1.2u^fi/) the rather flat, carpet 
-like surface seen above is replaced by streaks the distance between them is 
wider than in the natural wall case, but also, the streaks tend to merge to- 
gether. These results seem contradictory and experimental evidence needs to 
be gathered to clarify this issue. Breuer et al (1989) use membranes stretched 
transversely to the main flow, each separated by small spanwise sohd surface 
gaps. They demonstrate the evolution and control of a large amphtude and 
highly three-dimensional disturbance in a laminar boundary layer (a tur- 
bulent spot) . Activating the membranes decreases the amphfication rate of 
spanwise vorticity and thus delays the formation of the spot. In view of Jung 
et al , perhaps it is appropriate to repeat the experiment with the active 
components rotated and ahgned with the flow. 
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3.3 Selective Interference 

Goldstein et al. (1995) find that damping of lateral velocities close to the 
wall is all that is needed to explain the effects of riblets in turbulent flow. 
Goldstein et al. and Choi et al. (1992) apply damping to the velocity field 
in different ways. That is, by artificially introducing velocities in- or out- 
of phase with that which already exists will either amphfy or nullify them, 
{e.g. = a w{x,h,z), -I < a < I, h is the non-dimensional height 

above the wall where the velocity vector is detected, and with either the 
same or the opposite value applied at the wall and the optimum is found to 
be at about h = 10). Spectacularly, both wall normal and lateral velocity 
out of phase control (velocity cancellation) gave about either 25% or 30% 
reduction, respectively, in the pressure gradient. Similar control apphed to 
the streamwise velocity gave about 10%, which is similar to that obtained 
with riblets. The streamwise and spanwise distribution of the longitudinal 
correlation coefficient is noticeably altered when spanwise control is employed 
(spanwise distribution of Ruu crosses the zero axis at about 2 :+ 100 and 

reaches a minimum (of — 0.1) at pa 150 and at 0.2 and the general 
shape does not seem to be altered as 0.2 < h < 15), When wall normal 
control (u) is used, the same correlations do not change appreciably from 
that obtained without control, while the longitudinal distribution of R^u is 
severely shortened in streamwise extent (for h ^ 0.2, Ruu ~ 0 at Ax'^ « 200 
whereas without control, the coefficient approaches zero &s Ax"^ > 800). 
This imphes that control (of the type employed) de-correlates the “normal” 
wall turbulence, at least in the longitudinal direction very close to the wall. 
When spanwise control is used, the streamwise extent of Ruu is larger than 
without control, especially when the control is sensed at « 5. Ryu and 
Rujui are little affected in all cases, implying that effects of appl}dng control, in 
the simulations, may be a direct result of satisfying continuity. Interestingly, 
the spanwise two-point spatial correlation coefficient with polymer addition 
to the sub-layer, Fortuna and Hanratty (1972), shows an increasing spatial 
separation between the structures. Indeed, as the drag reduction saturates to 
its maximum, the correlation length remains positive. 

An interesting aspect of the above is revealed in a series of papers by 
Sirovich et al. (1990) (1991) and Handler et al. (1993). The latter paper 
provides, I believe, critical information for the future. In a DNS, the veloc- 
ity field is generated using equation (2). It can be reconstructed using the 
Karhmien-Loeve procedure, or Proper Orthogonal Decomposition, Lumley 
(1967), (1970), which generates empirical eigenfunctions from the velocity 
correlations. From these, various eigenmodes can be identified that make up 
the velocities in the three coordinate directions. It turns out that a signifi- 
cant amount of the energy in the flow is contained in the non-propagating 
streamwise roll modes (streaky structure), and minimum energy (~20%) is 
contained in the propagating transverse wave modes. An interesting finding 
is the limited quadrant analysis, (see Willmarth 1975) that demonstrates, 
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Sirovich et aL (1990) the spectrum of occurrences of the Q2 events can only 
be re-created if the fast modes (propagating modes) and the slow modes (roll 
modes that are non-propagating) interact: remove one and there is very ht- 
tle Q2 activity, which clearly indicates that the ejection mechanism and the 
concomitant production of both Reynolds and wall shear stress should be 
reduced, Willmarth (1975). 

Handler et al. (1993) choose to interfere with various Fourier modes (not 
eigenmodes of POD), introducing this randomisation at different specified 
firequencies. They claim upwards of 58% drag reduction, which is similar to 
polymer addition, Lumley (1969), Virk (1975), by just random forcing of a 
relatively small subset of the available Fourier modes in the DNS simulation 
and thereby, it is speculated, destroying the “coherence” of the turbulence 
producing structures. Since these turbulence producing structures are propa- 
gating modes, associated with waves at angles to the roll modes, it is inferred 
by the present author that removing the interaction reduces the flow to span- 
wise periodic two dimensional flow. Unpublished work by Handler (private 
communication 1993) claims that a non-random or constant phase shift gives 
drag reduction; moreover, drag increase is achieved if the phase relationships 
are maintained between the wave modes. Experiments are currently underway 
to see if phase randomization can be achieved (Levich, private communica- 
tion). 

Am httle emphasized feature of the results. Handler et al (1993), is the 
dramatic change in the magnitudes and wall-normal distributions of the three 
RMS velocity fluctuations. At aroimd maximum drag reduction (the shortest 
time between randomizing the modes) the maximum in both the spanwise and 
wall normal components double in magnitude and the maximum moves fi'om 

« 25 to « 125, which is at the centre of the channel. As well, the lon- 
gitudinal velocity component approximately doubles in magnitude; however, 
its maximum remains at < 25. Physically this imphes that the produc- 
tion of turbulence is shifted away from the wall and the flow is approaching a 
laminar-like condition (see below) . Indeed, the spanwise wave-number spec- 
trum of the streamwise velocity component, which highhghts the spanwise 
streaky structure, shows, for the smallest period between mode randomiza- 
tion {y^ = 14.8), a destruction of smaller scales and a concomitant increase 
in the smaller wave numbers. For larger periods between randomization, for 
which skin friction reduction first increases (to its maximum of 58%) before 
diminishing with increasing time between randomization, the spectrum does 
not change in the smaller scales implying that it is the large scales, or at 
least their location with respect to the surface, that control sMn friction. 
That riblets have been found to perform the same function (as demonstrated 
by the protrusion height) seems to confirm the notion that they do so, but 
inefficiently. 

The out of phase lateral and wall normal velocity control strategy of Choi 
et al (1992), the phase randomization of Handler et al (1993) and polymer 
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additions to liquids [u^ = 11.7 In y'^ — 17., Virk’s asjnnptote, Virk 1975) 
leads to the alteration of the log-law region of the mean velocity profile. At 
= 100, K, 17 (Newtonian fiow) and « 37 for polymers; however, 
the out of phase control hfts 20 (recall only about 25-30% reduction in 
skin fi:iction) while the phase randomization gives 22.4 when maximum 
firiction reduction (58%) is achieved. The out of phase control (a = -1) 
retains some semblance of a log-law region, while the phase randomization 
almost eliminates it. This is illustrated in figure 8. 




Fig. 8. U^vs.Y^ for flat wall turbulence ( ), with spanwise ( ) and wall 

normal ( ) control, Choi etal. (1992); mth phase randomization, run LK(2) (•), 

Handler etal. (1993); Virk’s (1975) asymptote {A) for polymer addition; spanwise 
control a — 1,(2 ) and a = -2,(0), Jimenez (1994) 



Illustrated, as well are the results firom Jimenez (1994) (note the claim 
is made in this paper that riblets increase the spanwise width between the 
streaks; significant contradictory evidence in the hterature exists on this). 
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The parameters used by Jimenez {w{x,0,z) — aw{x, h,z), etc.) were the 
same as Choi et al. , but — 2 < o; < 1, which, for a = —2 implies a local 
reorganization of the spanwise velocity (substantial acceleration of flow on 
the waU in the direction opposite to that at the detection point at A = 10) 
produces a greater diminution in the size of the log-law region. In addition, 
this control strategy moves the structures away firom the wad, confirming the 
speculations on the action of riblets. It is difficult to imagine the effect of this 
type of boundary condition since it is sporadic; however, simply, as illustrated 
in figure 9 the fountain-like eruption of fluid from the impingement of two 
high speed streams could move a pair of QSWV further out into the core of 
the flow since the eruption is between the pair, the sense of rotation of which 
is opposite and toward the wall. Opposite to this is the e limin ation of the 
high shear region between a pair of QSWV and the waU and the inflectional 
velocity profile so engendered (a = 1, or pure slip control) would seem to 
play an important role in generating shear stress, since the velocity profile 
is dramatically altered to consist entirely of a logarithmic region. That is, 
again simply, figure 9, the imposition of wall velocities in-phase with that 
sensed at the detection point would tend to draw towards the waU a pair 
of QSWV, thereby increasing the wall shear stress. The similarity here with 
studies of vortex cores impinging a waU (see, for example, Chu and Falco 
1988) is appealing. It is not clear whether the imposition of the no-sflp out- 
of-phase condition (ail) on the spanwise velocity would produce effects 
similar to that observed by Jung et al. (1992). 

It is interesting to speculate that the erosion of the log-law region noted 
above, may be linked to the inner-outer region scaling controversy. Falco 
(1991) suggests that the backs of the large scale motions in a boundary 
layer, upon which there are located what has been often referred to as his 
“t5^ical” eddies are important in the dynamics of the boundary layer. As the 
Reynolds number increases, both the longitudinal rms velocity fluctuation 
and the Reynolds shear stress, when normalised with wall shear velocity, 
fail to scale with for > 15. However, when normalised using length 
and velocity scales deduced from an average “typical” eddy, then for wall 
equivalent scaling 15 < < 200, and the maximum extent increasing with 

increasing Reynolds number, scaling is achieved. The minimu m extent (y+ 

15) maybe reducible (but not to zero), so that, it is argued, the “typical” 
eddies influence the wall region as well. This imphes (but does not necessarily , 
confirm) that the logarithmic region dynamics are altered when control or 
phase randomisation are employed by interfering with the transport of events 
to or from this region. Interestingly, Orlandi and Jimenez (1994), using a 
variant of the NWVM approach, argue that the wall shear in turbulent flows 
is larger than that in laminar because (over very short times ^ 1) any 
spanwise velocity imposed on an initial uniform shear serves to increase the 
average wall shear stress. As well, the transport of high speed fluid towards 
the wall is thus more important than ejection of low speed fluid away from 
it; this is confirmed experimentally, Wark and Nagib (1991). 
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Fig. 9. Cartoon of a pair of QSWV near the wall. If detection of spanwise motion 

on lower boundary of QSWV is used, the zero-shp velocity profile ( — . ) would 

alter to ( -) if slip condition imposed on wall and if wall motion is apphed in 

direction opposite to QSWV direction, then profile alters to ( ), giving rise 

to fountain-like eruption of near-wall flow which would hft away from the waU and 
separate the QSWV 



3.4 Selective Introduction Teclmiques 

The skin friction benefits obtained from lateral oscillation of a channel wall 
Jung et al. 1992) or phase randomization Handler et al (1993) introduces 
interesting possibilities for alternative methods for interacting with near-wall 
turbulence. The introduction of small scales into the boundary layer through 
the wake of a body (for example, an airfoil or large eddy breakup device 
(LEBU), Coustols and SaviU 1992) gives rise to a diminution in the wall skin 
friction downstream of the device. It is known , too, that a ribbon, vibrating 
in the wall normal direction produces spanwise variations in the RMS amph- 
tude of the streamwise velocity, see, for example Kachanov (1994), and the 
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amplitude of these fluctuations can be adjusted using sound, Gedney (1983). 
Of course, instantaneously, there exists spanwise variations in all velocity 
components in a natural boundary layer, as shown by, for example, Kline et 
al (1967). 

In essence, the phase randomization and spanwise waU oscillation reor- 
ganises and diminishes the bursting events, in a manner not yet understood, 
while the wake of a body can introduce a spectrum of scales that provides 
spanwise variations in the velocity. Is it possible to introduce into the near- 
wall region a spectrum of scales, with streamwise oriented vorticity, with the 
“right” length scales, that will interact in the manner appropriate to decreas- 
ing the spatial coherence of the near-wall structures? 

Osaka and Fukushima (1994) use plates of various sizes and lateral peri- 
odicity and alter their location to be either inside or outside the entrainment 
boundary of a turbulent boxmdary layer. The results fi:om this study are en- 
couraging, showing that widely spaced airfoils can generate significant span- 
wise variations in wall shear stress and that the effect of these airfoils extend 
150 boxmdary layer thicknesses downstream. Caution, however is warranted 
in interpreting the skin friction results as they are obtained using Preston 
tubes. 

A variety of scales can be introduced into the boxmdary layer by xising 
a ribbon oscillating in the spanwise direction. Using Jxmg et al (1992) as a 
guide, the optimxnn wall oscfllation is = tu^/i/= 100, so that, assxuning 
the wall shear velocity is the correct scaling parameter, PoUard et al (1993b) 
obtained data that gave some hint that the waU skin friction coxild be forced 
to be below that obtained xising a stationary ribbon, but perhaps the real 
benefit will be derived from enhancing mixing applications. 



4 Concluding Remarks 

We have reviewed controlling near-wall txirbxilence, xising both passive and 
active methods. It has been surmised that the reason that riblets give only 
about 10% reduction in skin friction over that obtained from smooth walled 
flow is due to their inefficient interaction with QSWV. The QSWY are a 
predominant feature of near-wall txirbxilence; and it seems that the key to 
increased reduction in skin friction is to disallow them from approaching 
the wall. This review has surmised as well, from available evidence, that 
the re-organization of the near-waU structures should lead to or mimic as 
closely as possible a quasi-periodic spanwise organization of them. To accom- 
phsh the task of minimis ing the interacting between longitudinal rolls and 
other “waves” in the boxmdary layer, hximplets may be an interesting passive 
method, since they can be of varioxis sizes and orientations in the plane of 
the flow. 

The manipulation and control of txirbxilence is in its infancy; however, 
the insights gained from simxilations are becoming greater, especially as the 
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ability to handle and interrogate the huge amount of “data” generated by 
them. Even so, there continues to exist computational limitations that may 
have produced results that are not devoid of errors: as with other experiments, 
policing and reporting of computational errors and limitations of results need 
to be encouraged. 

This material formed part of the author’s contribution to the shortcourse 
Flow Control: Fundamentals and Practices held at the CNRS Laboratory, 
Cargese, Corsica, June 24-28, 1996 and at the University of Notre Dame, 
September 9-13, 1996. This contribution has used material excerpted from 
the same authors’ contributions to Emerging Techniques in Drag Reduction, 
Choi, Prasad and Truong (eds.) 1996 and Progress in Aerospace Sciences, 
submitted for publication, 1997. 
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Abstract. Active control has many potential applications in the domain of com- 
bustion. Active instabihty control has been successfully demonstrated in a variety 
of laboratory combustors and its practical use is currently being explored. Active 
control methods also appear to be suited to the optimization of combustion system 
operation. The external controller may be used for example to extend the stability 
margin of the system, reduce the pollutant emission levels, augment the combustion 
and thermal efficiency, or modify the temperature distribution in the exhaust gases. 
This article describes apphcations of active control towards improving combustion, 
with specific attention paid to pollutant emissions reduction. Some background ma- 
terial on active combustion control is given, along with a discussion of strategies 
for NOa; reduction, and a review of experiments on flame interactions with external 
perturbations. The possibihties for active management of the reactive region are 
described. Apphcations of active control are illustrated by typical results obtained 
in recent experiments. 



1 Introduction 

Active combustion control is a subject of current fundamental and technolog- 
ical interest. The general objective of active control is to improve combustor 
operation. One wishes, for example, to augment the stabihty of the flame, 
enhance the rate of conversion of the reactants, improve the temperature 
distribution at the combustor exhaust, or diminish the levels of pollutant 
emission. Control is also seen as a means for monitoring the proper operation 
of a system. 

Initial demonstrations of the basic concepts were achieved mainly on 
small-scale laboratory combustors. Reduction of combustion instabilities was 
investigated in a variety of geometrical conflgurations including Rijke tubes, 
laminar flame burners, and turbulent combustors. Some more recent studies 
were carried out on higher power devices. While active control was achieved 
with some success, it has also led to new detailed investigations of unsteady 
combustion processes. Active control has allowed analysis of the mechanisms 
leading to limit cycle oscillations of a combustor and has been used to study 
flame extinction mechanisms related to pressure waves. 

It was concluded from these initial experiments that active control had 
potential applications in combustion enhancement. Instability control is one 
major area of concern. It is, for the moment, the most advanced, but has 
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not yet given rise to large-scale application. Active control is specifically con- 
sidered for ramjets, lean premixed combustors, afterburners, and segmented 
solid propellant rocket motors. Many aspects of active combustion instabil- 
ity control are reviewed by McManus et al. (1993), therefore this topic is 
not covered extensively in what follows. We here focus on other apphcations 
of active control and deal specifically with the active reduction of pollutant 
emissions. 

A first case of interest is the lean premixed combustors being developed to 
reduce gas turbine exhaust emissions. These modern devices have excellent 
emission characteristics and bring a significant reduction of nitric oxide levels. 
Unfortunately, the lean premixed mode of operation is also quite sensitive 
to pressure waves and features instabilities and associated side effects like 
flashback or flame blowout. Active control may then be used to avoid unstable 
operation, or at least augment the stabhity margin of the combustor. This is 
an indirect apphcation of active combustion instabihty control to combustion 
enhancement: control prevents instabihty thus allowing smooth operation of 
a low emissions combustor. 

The second case of interest concerns standard combustors operating in the 
non-prenhxed mode. The reactants are introduced separately, often leading 
to poor mixing and long flames with large regions at elevated temperatures. 
Emission levels may be quite high in such circumstances. Active control can 
here be used to enhance mixing, thereby modifying the reactant conversion 
rate, combustion efficiency, flame temperature and pollutant formation and 
destruction. Active control may also be used to reorganize the flame structure 
by redistributing fuel and oxidizer to “stage” the regions of conversion. 

Such direct apphcations of active control could be used to retrofit existing 
configurations in order to comply with more stringent regulations. 

In what follows, we treat the direct apphcation of active control to com- 
bustion enhancement. The next section contains some background material 
and a review of active control systems (open-loop, closed-loop, and adaptive 
closed-loop control). Section 3 deals with the methods of optimizing combus- 
tion processes, while section 4 describes the possible interactions of external 
excitation with flames. The flame response to perturbations and the resulting 
modification of the flow pattern are essential aspects of combustion control. 
The flame dynamics may be obtained from experiments reviewed in this 
section. Section 5 presents in detail the principles of active NOg; emissions 
reduction (mixing enhancement, flame structure modification) in hght of the 
results discussed in section 4. 



2 System review 

The first mention of the effects of sound on combustion is due to Leconte 
(1858), who studied the response of flames to the music produced by a cello. 
The inverse mechanism, the production of sound by oscillating flames, or 
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“singing flames”, was also studied at this time by Toepler (1866), who used 
the Schlieren visualization technique to follow the phase-decomposed move- 
ments of the flame. As early as the 19th century, the sensitivity of flames to 
sound was exploited in acoustic measurements. Lord Rayleigh (1896), and 
especially Tyndall (1867), studied the response of flames to acoustic excita- 
tion, and determined that flames are most sensitive at their base, the point 
of stabilization. The necessary condition is that the flames be on the point of 
‘faring”, that is, at the laminar/turbulent transition point. Their observa- 
tions, incidentally, led Reynolds (1894) to formulate his criterion for turbulent 
transition. 



2.1 Background, material on coupling mechanisms 



Flames are therefore sensitive to small perturbations. This observation of 
the last century returned to the forefront of engineering science with the de- 
velopment of rocket motors (see for example Crocco &; Cheng (1956)) and 
the combustion instabilities encountered in these high-performance devices. 
Given the large volumetric heat release rates of rocket engines, resonant cou- 
phng between combustion and acoustics can attain very high energetic lev- 
els. These combustion instabihties caused the failure of many of the first 
launch vehicles. Ariane 1 on its second flight was destroyed when combus- 
tion oscillations coupled with the eigenmodes of the reservoirs, leading to 
large-amphtude pogo oscillations. 

The measurements made on real motors and laboratory models gave 
rise to a classification, proposed by Barrere & Wilhams (1968) and Putnam 
(1971), depending on the system components implied in the instability; 

— system instabihties, characterized by oscillations involving all of the sys- 
tem components, from the reservoirs to the exhaust; 

— chamber instabihties, that only concern the combustion chamber, the 
characteristic dimensions being smaller, the instabihty frequencies are 
higher and transverse oscUlation modes generaUy present; 

— intrinsic instabihties, mvolving chemical kinetics and transport mecha- 
nisms, and having very high characteristic frequencies. 



The couphng between heat release and acoustic modes can be formally 
understood by considering Euler’s equations with source terms: (Harrje & 
Reardon (1972), Culick (1988), Clavin et al. (1994)) 



dp 

— -\-py-u = m 

ujC 



du ^ ^ 

dT ^ 



( 1 ) 

( 2 ) 



( 3 ) 
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where p, u, T and p respectively designate fluid density, velocity, temper- 
ature and pressure. The unsteady energy source term q appears in the en- 
ergy balance. In these expressions, d/dt is the material derivative defined as 
d/dt = d/dt + u- V. A mass source related, for example, to the evaporation 
of a condensed phase appears in the mass balance, and a force F acts as a 
momentum source. These last two terms wiU be neglected in what follows. 

Using the equation of state for ideal gases: p = prT, the equations for 
mass and energy conservation may be combined, yielding an equation for 
pressure: 

% + 7 PV • u = mrT + (7 - l)g, (4) 

at 

where 7 is the ratio of specific heats, 7 = Cp/cy. For a homogenous medium 
at rest, or with a vanishingly small Mach number, the material derivative 
may be replaced by the partial derivative with respect to time: d/dt ^ d / dt. 
This simphfication jdelds the follownig system of equations. 

+ = 0 (5) 



^-\-pc^V ■u={j-l)q ( 6 ) 

where c = yJ'^rT is the isentropic speed of sound. By taking the divergence of 
equation (5), deriving equation ( 6 ) with respect to time, and by subtracting 
the resulting expressions on obtains the inhomogeneous wave equation: 






cP'V'^p = (7 — 1 ) 



dt 



(7) 



This expression indicates that unsteady heat release acts as a source term 
for the pressure field. The resulting waves can, in return, modify the unsteady 
heat release, and, according to Rayleigh, if heat is released m phase with the 
pressure oscillation, the system receives energy, and can become unstable if 
the gain exceeds losses. However, if heat is added out of phase with respect to 
the pressure, energy is subtracted from the system, and the fluctuations are 
damped. The system is subsequently stable. The exact mechanism through 
which pressure waves are coupled to unsteady heat release must be deter- 
mined and modeled to predict the occurrence of instabihty. Several possible 
coupling mechanisms exist, and are presented in a number of reviews (Barrere 
& Williams (1968), Cuhck (1988), Candel (1992)). Two are especially impor- 
tant in xmderstanding what follows: 



1. The acoustic velocity modifies the flame surface, folding and stretch- 
ing it. This mechanism may excite parametric instabilities (Markstein 
(1965), BaUlot et al. (1992), Boyer & Quinard (1990), Searby & Rochw- 
erger (1991), Cambray & Joufin (1994)) 
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2. Acoustic waves may excite hydrodynamic instabihties or induce the shed- 
ding of large-scale vortices. These, in turn, change mixture rates and can 

lead to unsteady combustion (Smith Sz ZukosM (1985), Poinsot et al. 

(1987), Yu et al. (1987)). 

Both of these mechanisms depart from the framework of the simplified equa- 
tion (7) given above. 

In many practical situations (see for example Candel (1992)), the flame 
response is controlled by hydrodynamic instabihties. These instabilities are 
extremely sensitive to acoustic perturbations. Under external excitation, they 
are organized into coherent structures that are synchronized with the excita- 
tion. These structures control the development of non-reacting mixing layers. 
Crow & Champagne (1971) demonstrated the importance of these structures 
in the development of a turbulent jet by exciting the instabihty modes with 
a loudspeaker situated upstream of the jet nozzle. Brown & Roshko (1974) 
found that the same structures dominate the two dimensional shear layer. 
Oster & Wygnanski (1992) and Ho & Huang (1982) studied their evolution 
and nonlinear interaction. 

In reacting flows, coherent structures induce unsteady heat release. This 
unsteadiness can then excite the acoustics of the installation and, if Rayleigh’s 
criterion is satisfied, generate combustion instabilities (Schadow k Gutmark 
(1992)). Trouve et al. (1988) have shown that driving by hydrodynamic insta- 
bility was determined by the total time lag related to the phase speed of the 
instabihty wave on the jet of reactants entering their dump combustor and 
the speed of sound at which information is fed-back to the inlet conditions. 
This lag defines the phase of the heat release with respect to the acoustic 
eigenmodes of the installation. Yu et al. (1987) and Yu et al. (1991) have 
shown the relationship existing between coherent structures and combustion 
instabihty in their geometry. 

In many other cases, coupling rehes on the formation of a vortex at the 
entrance to the combustion chamber. This kind of instabihty is commonly 
referred to as a vortex instabihty (Poinsot et al. (1987), Smith & Zukoski 
(1985)). The vortex grows as it advects downstream, entraining reactants. 
This fluid structure can then interact with another vortex or with the cham- 
ber walls fiirther downstream. This interaction results in a strong turbulent 
mixing of the reactants with burnt gases, leading to impulsive heat release. 
The pressure wave created travels upstream, triggering the shedding of an- 
other vortex (Menon & Jou (1990)). If no obstacle exists in the chamber, the 
vortex will continue to entrain reactants and products into its core. Vortex 
core ignition can then be observed (Thevenin k Candel (1995)). The rapid 
combustion in the core creates a pressure wave which propagates upstream 
and closes the resonance loop. 

The dyn ami c counter-reaction can be tentatively modeled by a resonant 
feedback loop (fig. 1). The system (in dashed lines) is perturbed at its entry 
by pressure or heat release fluctuations. These fluctuations are converted 
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into heat release or pressure fluctuations, respectively. These latter, at the 
system exit, perturb the inputs through a counter-reaction. The simplest 
model consists of representing each of the blocks A and B in Fig. 1 with a 
linear filter, having a determined gain and delay, apphed to the system inputs 
and outputs. 







A 

“System” 

B 






Pressure 










Heat 

release 












Fig. 1. Schematic representation of the coupling existing in combustion chambers. 
The linear filters A and B determine the degree of coupling between pressure oscil- 
lations and variations in heat release rate. 



2.2 Pulse combustion 

The coupling mechanisms cited above are equally present in pulse combus- 
tors. To benefit from the efiects of combustion oscillations (increased heat 
transfer to the chamber walls, reduced pollutant emissions, smaller reaction 
zone, see Zion (1992), Keller et al. (1994), KeUer & Kongo (1988)), some 
combustion systems are designed to be unstable. Pulse combustion models 
are similar to those developed in the field of combustion instabilities (see 
Keller et al. (1988), Keller et al. (1987), Tang et al. (1995)). In most prac- 
tical chambers, the driving mechanisms involve hydrodynamic instabilities 
or vortex shedding that control the mixing of reactants in the chamber and 
impose the ignition delay. The combustor is unstable if these mixing and re- 
action times retard the heat release with respect to the chamber eigenmodes, 
so that Rayleigh’s criterion is satisfied. 

2.3 Active combustion control 

Active control techniques provide unique insights into the mechanisms of 
combustion instabihties. These methods can be used to stabilize an unstable 
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combustor, allowing steady operation over a wide range of regimes. It is 
also possible to establish an unstable mode of operation, a practice known 
as controlled pulsed combustion. This principle can be exploited to obtain 
the benefits of unstable combustion under controlled conditions in a stable 
burner configuration, or to identify the couphng mechanisms responsible for 
unstable operation. These possibilities are explored later in greater detail. 

The first theoretical studies of active combustion instability control Were 
carried out in the 1950s (Tsien (1952), Marble (1953), Marble &; Cox (1955)), 
but its practical apphcation had to wait for the technological advances of the 
1980s. 

In its simplest form, active combustion instabihty control can be summa- 
rized as in Fig. 2. A sensor is placed somewhere in the system to measure a 
signal representative of the instabihty (pressure osciUations, chemilumines- 
cent intensity variations). The sensor signal serves as input to the control 
algorithm. The amplified and retarded signal is then re-injected upstream 
of the combustor by means of an actuator (for example, an acoustic driver 
unit), which creates fluctuations in pressure or heat release out of phase 
with respect to the instability. This technique is inspired by the principles of 
anti-noise as developed, for example, by Ffowcs WiUiams (1984). However, 
active instability control acts at the source of the phenomenon that is to 
be controlled. As such, less energy is required. Initial demonstrations were 
carried out by Heckl (1985) on Rijke tube geometries and by Bloxsidge et al. 
(1987) on ducted turbulent flames. This kind of control has been success- 
fully demonstrated by Lang et al. (1987) and Gulati & Mani (1992) (among 
others) in the case of laminar premixed flames. Poinsot et al. (1989) and Bfi- 
loud et al. (1992) apphed this technique to turbulent non-premixed flames. 
More recently, Hermann et al. (1996) and Hantschk et al. (1996) have ex- 
tended these results to the case of turbulent spray flames. Similar results are 
reported by Stirneman et al. (1995) with industrial burners. 

If the gain and delay necessary to control the instability are not known 
a priori, adaptive control strategies may provide a solution (fig. 3). In this 
case, another sensor detects the global response of the system to the control 
effort. This signal is then used to update the parameters of the controller in 
order to minimize some error function (see Widrow (1970)). Active adaptive 
instabihty control has been successfully tested by Billoud et al. (1992) on 
a laboratory mock-up. This algorithm has certain limitations, however. No- 
tably, in the experience of the authors, if the auxiliary path of the filtered-U 
algorithm is unknown, it must be identified before control can be attempted. 
Adaptive filters must also be constrained in order to remain stable what- 
ever the system response. The adaptation cycle must also be longer than the 
closed-loop control cycle to ensure stabUity. 

Note that if the suppression of instability is not the only objective, more 
complicated adaptive control algorithms exist which optimize error functions 
of several system parameters, taking into account noise levels and volumet- 
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Fig. 2. Principle of closed-loop active control. A signal detected in the system is 
filtered and reintroduced upstream by the controller. 



ric heat release rates, for example (Padmanabhan et al. (1995)). Allen et al. 
(1993) have shown the feasibility of low-frequency adaptive control of a turbu- 
lent spray flame using artiflcial neural networks. This result opens the way to 
new complex control strategies and to the control of more complex systems. 



2.4 System identification 



Figure 3 contains a filter representing an “auxiliary path” in the adaptive con- 
trol loop. This component, essential to the filtered-U algorithm, is a model of 
the system to be controlled, incorporating the response of the system to the 
actuator’s signal, and the sensor’s detection of this response. The determina- 
tion of this transfer function, known as system identification, may be carried 
out by exciting the combustor at very small amphtudes and recordmg its re- 
sponse. Given the excitation signal and the sensor signal, the corresponding 
transfer function can be inverted to filter the algorithm inputs. This tedious 
step is necessary for the convergence of the controller. The quahty of the con- 
trol obtained depends critically on the precision of the system representation 
by the auxiliary path transfer function. The principle of system identification 
is shown schematically in Fig. 4. 
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Fig. 3. Principle of active adaptive control. A second sensor detects the global 
response of the system to the control signal, and is used to update the coefficients 
of the control algorithm. 




Fig. 4. The principle of system identification and open-loop control. 



2.5 Active fluid mechanics and active combustion control 

Active combustion control can be used to other ends than the suppression 
of instabilities. Gad-el-Hak (1994) gives a review of the new possibihties of- 
fered by active fluid mechanics, or flow control. This new field employs the 
techniques of active control to modify the development of a given flow. The 
properties of a fluid medium can be changed, increasing entrainment, drag 
or turbulence levels, for example. The work of Longmire & Eaton (1994) has 
shown that it is possible to actively control the dispersion of particles in a jet 
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by controlling the development of coherent structures in the unstable shear 
layer through acoustic excitation. Wiltse & Glezer (1996) have demonstrated 
the possibihty of acting on the entrainment of jets in a quiescent medium. 
The entrainment of compressible jets through excitation of the origin of the 
shear layer has also been explored by Parekh et al. (1996). 

The properties of combustors depend on the properties of the flow in 
which the flame develops. By exerting control over the flow, one can control 
the structure of the flame. By changing the local flame structure, as will be 
shown, the global characteristics of the combustor may be changed, such as 
the stabihty, pollutant emissions or volumetric heat release rate. 

Gutmark et al. (1989) and, more recently, Chao & Jeng (1992) have used 
active control techniques to stabilize a hffced flame. A controlled acoustic 
excitation is apphed to the hffced jet flame, creating coherent structures in 
the jet shear layer. These structures periodically reattach the flame to the 
burner exit, stabfliztng it beyond the lean extinction hmit. Recently, Yu et al. 
(1996) have obtained similar results using unsteady injection of hquid fuel 
droplets coupled with acoustic excitation. The periodic interaction between 
the vortices organized by the acoustic driving and the injected fiiel drops is 
sufficient to stabflize the spray flame near the point of fuel injection. 

Wilhs et al. (1994) and Pont et al. (1996) have increased the toxic waste 
disposal efficiency of their incinerator by acoustically driving the chamber. 
Coherent vortices are generated which interact with the flame. The toxic 
wastes are entrained by the vortices, increasing their residence time in the 
chamber, and thereby increasing the quantity of waste destroyed. Gutmark 
et al. (1994) have reported a reduction in the quantity of soot produced by a 
non-premixed propane-air flame when the fuel and air flows are acoustically 
excited in phase. For certain excitation frequencies and certain relative phases 
between the air and propane modulations, the mixing rate of the reactants is 
radically changed. The yellow sooting flame becomes blue, and the quantity 
of soot produced is decreased. The amount of nitrogen oxides produced by a 
domestic fuel-oil fru’nace has been reduced by applying a controlled acoustic 
excitation to the air flow rate (Delabroy et al. (1996b)). The apphcation of 
this technique to a small (1 MW) industrial furnace has yielded similar results 
(Delabroy et al. (1996a)). Reduction in NOa; emissions are also reported by 
Charon et al. (1993) in a gaseous non-premixed burner. 

McManus & Bowman (1990) (see also McManus et al. (1990)) have tested 
difierent types of actuators to excite the shear layer behind a dump plane in 
a combustion chamber. Like Yu et al. (1991), in this case, they noted the 
efficiency of this action in reorganizing the flow downstream of the dump, 
and the structure of the flame that develops in the shear flow. Using these 
techniques, they were able to increase the volumetric heat release rate in the 
chamber. The dynamic response of premixed flames subjected to acoustic 
fluctuations has been studied by Durox et al. (1996). They have shown that it 
is possible to change the average flow structure, thereby changing the average 
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structure of the flame. This complete reorganization of their Bunsen burner 
flow compacts the flame, which changes from its typical conical shape to a 
flattened hemisphere. 

Many of the changes in combustor performance reported iu the hterature 
are due to structural modifications of the flow field. Global changes can be 
explained by local effects. A more compact flame reduces the residence time 
of nitrogen molecules in the high temperature reaction zone, thereby reduc- 
ing the formation of NO through the thermal Zel’dovich mechanism. Lovett 
& Turns (1990) and Lovett & Turns (1993) have studied the structure of 
turbulent non-prenuxed gaseous flames subjected to external acoustic forc- 
ing. They report an increase in the entrainment of the jet which diluted the 
combustion products in their configuration. For the case of a confined flame, 
hke that studied by Delabroy et al. (1996a), the same mechanisms increase 
mixing of the reactants. In a similar study, Gutmark et al. (1989a) showed by 
laser induced fluorescence of OH radicals that local extinction may take place 
downstream of vortical structures, iu the braid region where strain rates are 
high. High strain rates inhibit the production of nitric oxide. This particular 
aspect (pollutant reduction by active control) is a challenging and technolog- 
ically interesting field. Consequently, an entire section of this paper wUl deal 
with the mechanisms involved in NOa, control (section 5) . 




Fig. 5. Principle of closed-loop control with adaptive adjustment of external mod- 
ulation. In this scheme, the algorithm serves to optimize the combustor operation. 



Enhancement of combustion by active control can be successfully achieved 
in a variety of configurations. It is however possible and instructive to classify 
the different strategies and to give a few indications on how these strategies 
were effectively tested. 
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3 Control methods for combustion optimization 

Whatever the objective of the control strategy may be (NOa, or soot reduc- 
tion, efficiency, toxic waste elimination, flame stabilization, etc.), one is faced 
with two major issues. The first is the choice between open (Fig. 4) and 
closed-loop (Figs. 2, 3 and 5) control strategies. The second issue is techni- 
cal and concerns actuators and sensors. Both are, in fact, linked as will be 
apparent from the following discussion. 



3.1 Actuators 

In all control strategies, the actuator is a central component of the system 
and deserves special attention. The choice of actuator is determined by the 
phenomenon to be controlled, as it must be able to act on the control pa- 
rameters. As seen before, the control strategy may be a simple change in the 
combustor operating point. In this case, control will be effected by adapting 
the air flow rate (the primary or the nozzle atomizing air) or the fuel flow 
rate (see Table 1), and the actuators will be driven servo-valves. 

If strong modification of the flame structure is sought, a sufficient amount 
of energy must be added to the flow. Flames are quite susceptible to acoustic 
perturbations, as will be shown later, so that one may use acoustic drivers to 
modulate the flow. Higher levels of modulation may be obtained with electro- 
pneumatic actuators or rotating valves. Acoustic drivers have been used most 
extensively (see Table 1 and especially Table 2), due to their extended fre- 
quency range and relative ease of use. 

In some cases, one may wish to operate with more than one actuator. 
For instance, it is possible to act on the air flow with an acoustic driver (to 
form large-scale structures), using an actuator on the fuel line to synchronize 
fuel injection with the coherent structures (Yu et al. (1996)). Under these 
circumstances, it is possible not only to control the characteristics of one 
signal (its amphtude or frequency) but also to act on the phase between two 
signals and their relative amphtude. This type of control offers a range of new 
possibilities and should find more and more apphcations. However, more and 
more complex algorithms will be needed to manage the increasing number 
of actuators. Where before, with one actuator, there were two independent 
parameters in the cost fimction, with n actuators, the nrnnber of independent 
variables becomes at least 3n — 1 assuming only frequency, amphtude and 
phase variations. 

The effectiveness of the control strategy wiU also depend on the efficiency 
with which the actuator translates the control signal. Using acoustic drivers 
to generate vortices may not be the most efficient choice, whereas periodic 
jets may be more effective. It is therefore necessary to determine the sensitive 
parameters that control combustion enhancement. Such experimental work 
is reviewed in section 4. 




8 Combustion Enhancement by Active Control 479 



3.2 Closed-loop control 



Table 1. Closed-Loop Combustion Enhancement 



Closed- Loop 


Authors 


Control 

objective 


Sensor or 

Imaged 

radical 


Actuator 


Modified 

Flow 


Brouwer et al. 
(1990) 


Optimize 
CO 2 , CO, & 
soot 


Gaz probe, ra- 
diative flux 


Servo-valves 


Atomizing & 
primary air 


Gutmark 
et al. (1990) 


^■1 


CH*, C 2 *, & 
OH* 


Acoustic 

driver 


Air flow 


Gutmark 
et al. (1991) 


Stabilize 

flame 


IH 


Acoustic 

driver 


Premixed 


AUen et al. 
(1993) 


ANN 


OH* 


Valves 


Atomizing & 
primary air 


StJohn 
& Samuelsen 
(1994) 


Optimize NO 
& efficiency 


Gas analysis 


Magnetic 

valves 


Excess air & 
swirl 


Padmanabhan 
et al. (1995) 


Optimize 
heat release &; 
noise 


Piezoelectric 

transducer, 

photodiode 


Loudspeaker 
& vortex jets 


Premixed 


Burkhardt 
et al. (1995), 
Burkhardt 
(1996) 


ANN 


Chemilumi- 

nescence 


Valves 


Air & fuel 


Hermann 
et al. (1996) 


Control 

instabihty 


OH* 


Piezo- 

actuator 


Liquid fuel 


Hantschk 
et al. (1996) 


Control 

instabihty 


OH* 


Servo- valve 


Liquid fuel 



A set of articles using closed-loop control is given in Table 1. Combus- 
tion control is obtained by modulating the flow rates of air (Brouwer et al. 
(1990), Allen et al. (1993)), fuel (Hermann et al. (1996), Hantschk et al. 
(1996)), or both in non-premixed configurations. It is also usefiil to distin- 
guish between rapid acoustic modulations and slower optimization of the 
burner operating point. The strategy used to slowly modify the operating 
point corresponds to that presented in Fig. 5. In such applications, the con- 
trol strategy is not a direct feedback closed loop hke that used in active 
combustion instability control (Figs. 2 and 3), in the sense that the sensor 
signal is not delayed, amplified, and re-injected into the system by the actu- 
ator. Instead, this information is used to optimize the combustor operating 
point or the parameters of an open-loop strategy hke that depicted in Fig. 4. 
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In most of these applications, the output of the controller is essentiafly a 
mean reactant flow rate value. The combustor is brought to a new operating 
point, and the controller checks if a change has to be made to minimize a 
certain cost function. This is a slow but suitable way of flnding the optimal 
operating conditions without directly modifying the flame structure. This 
approach is then well adapted to closed-loop operation, since in-depth un- 
derstanding of the mechanisms involved is not necessary. The control strategy 
is often reduced to minimizing a cost fimction or maximizing a performance 
index evaluated from variables like CO 2 , CO or NO mole fractions, ther- 
mal efficiency, volumetric heat release rate or sound pressure levels (Brouwer 
et al. (1990), St John & Samuelsen (1994), Padmanabhan et al. (1995)). Var- 
ious experiments have proven the feasibflity of this concept. New generations 
of controllers, like neural networks, are well suited to these operations and are 
beginning to emerge (Gutmark et al. (1990), AUen et al. (1993), Burkhardt 
et al. (1995), Burkhardt (1996)). 

As an example of adaptive combustion enhancement, Padmanabhan et al. 
(1995) have used a closed-loop algorithm, with a more complex actuator- 
sensor system. A loudspeaker and jet vortex generators are used as actuators 
to change the flame structure (McManus et al. (1990), McManus & Bowman 
(1990)). A piezoelectric pressure transducer coupled with a photodiode mea- 
sure the volumetric heat release rate and sound pressure level. The algorithm 
optimizes these two global response parameters, minimiziug a predefined cost 
ftmction, by changing the actuators’ control parameters. The controller acts 
on the flame without a priori knowledge of the detailed flame structure or 
response, by minimizing an error function. However, this result was obtained 
after extensive open-loop experimentation to develop actuators and identify 
the combustor response showed that it was indeed possible to optimize the 
combustor performance in this manner. 

The work of Allen et al. (1993) has shown that it is possible to train an 
artificial neural net (ANN) to recognize an optimal spray flame configuration 
from a video image of chemiluminescent emission. The ANN is then capable 
of changing the air and fuel flow rates in order to bring the flame to a given 
predefined optimal state. The training of such algorithms is equivalent to 
system identification and open-loop experimentation. This kind of control is 
also subject to the same hmitations as other adaptive algorithms, in so far as 
the learned system response must not change over time, due to an accidental 
modification of the system, for example, the blockage of fuel injectors. 

3.3 Open-loop control 

A list of open-loop experiments is given in Table 2. There is no feedback in 
these experiments, but they form an essential first step towards active closed- 
loop control, as hidicated above. Open-loop experiments allow the study of 
interactions between fluid motion, flame structure, and pollutant formation, 
for example. The information obtained from these experiments serves as a 
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model of the “auxiliary path” shown in Fig. 3, and guides the choice of ac- 
tuator, as discussed above. 

Imaging systems are often used in heu of sensors (Table 2). Images can 
provide useful information about flame stabilization (Gutmark et al. (1989b), 
Gutmark et al. (1990), Chao &: Jeng (1992)), reactant mixing and flame struc- 
ture (Gutmark et al. (1989b), Vermeulen et al. (1982), Durox et al. (1996)), 
and pollutant formation (Gutmark et al. (1994), Delabroy et al. (1996b), 
Haile et al. (1996), Delabroy et al. (1997)). Some aspects concerning the flame 
response to external perturbations and pollutant control will be developed in 
the next section. 

Active open-loop control can also be used as a finished product. For ex- 
ample, system driving or forcing has been used in incineration for years to 
ehminate particle deposition on the infirastructure of large industrial installa- 
tions. It is also claimed (but yet to be independently proven) that infrasonic 
excitation of these incinerators increases burning rates and reduces pollutant 
emissions, mainly by improving mixing in fluidized beds. This type of con- 
trol can be rendered adaptive by adding a sensor that measures the global 
response of the system to the external forcing. The information could then 
be used to modify the forcing frequency or amplitude until a minimum was 
found, as Padmanabhan et al. (1995). 




482 E. Haile, O. Delabroy, D. Durox, F. Lacas, and S. Candel 



Table 2. Open-Loop Combustion Enhancement 



Open-Loop 


Authors 


Control 

objective 


Sensor or 

Imaged 

radical 


Actuator 


Modified 

parameter 


Vermeulen 
et al. (1982) 


Mixing 


Temperature 


Acoustic 

driver 


Dilution air 


Gutmark 
et al. (1989b) 


Stabilization 


OH=*= 


Acoustic 

driver 


Air & fuel 


McManus 
et al. (1990) 


Shear layer 
vortices 


CH=*= & NO,: 


Acoustic 

driver 


Premixed 


Gutmark 
et al. (1990) 


Stabilization 


Schheren & 
PLIP OH 


Acoustic 

driver 


Premixed 


Lovett &: 

Turns (1990, 
1993) 


Pollutants 


Gaz anal- 

ysis, imaging, 
& velocimetry 


Acoustic 

driver 


Fuel 


Schadow 
et al. (1992) 


Control 

instability 


CH*& 

pressure 


Acoustic 

drivers 


Fuel 


Chao & Jeng 
(1992) 


Stabilization 


PLIF OH 


Acoustic 

driver 


Premised 


Gutmark 
et al. (1994) 


Soot 


IR, tomogra- 
phy, PLIF OH 


Pneumatic 

driver 


Air & fuel 


Yu et al. 

(1996) 


Stabilization 


Tomography 


Pneumatic 
driver & 

valves 


Air & fuel 
(hquid) 


Willis et al. 
(1994), Pont 
et al. (1996) 


Incineration 

rate 


Gas analysis, 
OH*, PLIF 
NO, PIV 


Acoustic 

driver 


Premised j 


Durox et al. 
(1996) 


Compact 

flame 


GH*, 

Schheren 


Acoustic 

driver 




Delabroy 
et al. (1996a, 

b) 


NOa: 


CH* & gas 
analysis 


Rotary valve 


Air 


Davis & Lin 
(1995) 


Structure 


Laser 

deviation 


Acoustic 

driver 


Air 


Haile et al. 
(1996) 


Structure 


CH* 


Acoustic 

driver 


Air 
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4 Flame response to external perturbations 

The response of a flame to external excitation is of central importance in ac- 
tive control. Identification of interaction mechanisms, resulting flame patterns 
and characteristic features of the excited flow constitutes the main building 
block in designing an active control system. Clearly the flame response will be 
highly dependent on the specific geometry, injection scheme, type of fuel, flow 
regime, etc. In general, the external excitation modifies entrainment, mixing 
and flow pattern. It also organizes the flame by setting a phase reference. Even 
small perturbations have a pronounced effect on the flame pattern, as will be 
shown below. Flames are generally quite sensitive to external perturbations 
because they often develop in a flow which is hydrod 5 mamically unstable. 
The possible resonance of the confinement chamber may also enhance the re- 
sponse to a weak input. The large number of possible flame interactions are 
illustrated below by some typical examples. We successively consider laminar 
premixed flames interacting with upstream flow oscfllations, premixed tur- 
bulent ducted flames forced by longitudinal acoustic modes, and turbulent 
spray flames subjected to air flow modulations. We also consider a case where 
both the hquid fuel and the air stream are simultaneously modulated. These 
three examples illustrate the possibihties of control. 

4.1 Interactions between laminar flames 
and upstream flow modulations 

It is quite informative to consider the simple situation of a laminar premixed 
flame anchored on the hp of a cylindrical pipe. Velocity oscfllations are im- 
posed on the upstream flow by a loudspeaker placed at the base of the duct, 
0.2 m from the pipe exit. The loudspeaker is excited harmonically at various 
frequencies. Details on this experiment may be found in Baillot et al. (1992). 
In the low frequency range (typically around 100 Hz), the flame exhibits a 
strong response to very weak oscillations. Figure 6 shows the flame front 
visualized by a four-color Schheren method. The front is wrinkled by the 
upstream modulations and features characteristic undulations which evolve 
into cusps. 

The appearance of cusps is favored in longer flames, obtained with a high 
mean fresh gas velocity or low laminar flame speed. The cusp formation limit 
can be calculated, provided a reactive Strouhal number be defined, taking 
into account the flow velocity and the presence of a combustion wave (Baillot 
et al. (1996)). The relevant velocity then accounts for both the laminar flame 
speed and the flow velocity. With this definition, the intensity of flow fluc- 
tuations as a function of the reactive Strouhal number determines the limit 
of cusp appearance. As most flow oscillations remain weak, typically 20%, 
the flame front oscillates at the same frequency as that imposed on the up- 
stream flow. The deformation of the front is due to traveling hydrodynamic 
waves created at the base of the flame and convected along the front at a 
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Fig. 6. Image of a Bunsen flame acoustically forced at 200 Hz (17.2% fluctuation 
intensity) acquired using a four-color Schlieren technique. The burner exit diameter 
is 30 mm. 



phase speed which is a fraction of the flow velocity (De Soete (1964)). More 
precisely, Boyer & Quinard (1990) have observed that the phase velocity of 
undulations is roughly equal to the local uhburned gas velocity parallel to 
the flame front. Baillot et al. (1992) have improved upon this result through 
kinematic calculations. Their results underline the importance of two char- 
acteristic propagation velocities: the mean flow velocity projected along the 
flame front V cos a, and the phase speed of the flame front perturbations 
V/ cos a. F is the mean flow velocity and a the half-angle of the steady flame 
cone. This second characteristic velocity is prevalent. 

As the perturbation amphtude increases, the flame adapts its response 
by increasing the curvature of wrinkles and reducing its height (Durox et al. 
(1995)). However, the flame response to acoustic excitation becomes nonlrn- 
ear when the excitation becomes too strong (Lang (1991)). Le Helley (1994) 
has shown that the heat release is a nonlinear function of the perturbation 
amphtude and that saturation occurs in the flame response. Davis & Jumppa- 
nen (1993) have also observed this saturation in diffusion flames. According 
to Le Helley (1994), heat release fluctuations are strongly correlated with 
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fluctuations in the flame surface area. The agreement in phase and amph- 
tude are exceflent, even for large acoustic velocity amphtudes. This result is 
true only when integrated over the entire reaction zone, since heat release 
can vary locally as a result of differential diffusion effects. Integrated over the 
entire flame surface, these local effects are compensated. 

Premixed flames also behave as filters. While very sensitive to low fre- 
quency oscillations, flames are insensitive to low-amphtude high-frequency 
fluctuations. Work by Durox et al. (1995) has shown that beyond 250 Hz, 
methane-air flames stabilized on a burner 22 mm in diameter with a fluctu- 
ation intensity in the fresh mixture of 12% are not perturbed. This cut-off 
behavior of Bunsen flames can be compared with the results of flame-vortex 
interactions simulated by Poinsot et al. (1990) and e3q)erimentaJly investi- 
gated by Roberts et al. (1993). The sensitivity of flames to acoustic forcing is 
also influenced by the equivalence ratio of the mixture. Tests carried out at 
different equivalence ratios show that lean methane-air flames are more easily 
wrinlded than rich flames. This capacity to wrinkle is due to stretch effects 
(Law (1988)). A first analysis can be made based on the Lewis number. K less 
than unity (which is the case for lean methane-air flames), the competition 
between diffusive terms favors the appearance of instabflities and wrin k l e s, 
whereas they are inhibited by Lewis numbers greater than unity. This result 
agrees with the data obtained with premixed turbulent flames by Lee et al. 
(1993) and Lee et al. (1995). These authors have shown that turbulent flames 
wrinkle more easily if the Lewis number is less than unity. They consequently 
have a larger flame surface density. 

These experiments may be used to determine the transfer function of the 
flame (the ratio of the fluctuating heat release to the velocity fluctuation 
imposed on the upstream side of the flame) in situations where the flame can 
no longer be considered infinitely small with respect to the wavelength of the 
disturbances created by the oscillating acoustic pressure. 

At higher frequencies (typically around 1 kHz) and for large amphtudes 
of oscillation, the flame responds in a very different way. In some cases, the 
flame front takes a flat hemispherical shape as shown in Figure 7. In this 
example, it has been demonstrated that the acoustic field imposes the flame 
position (Durox et al. (1996)). The flame front hes on an equipotential of the 
pressure field and, in order to maintain equahty between the laminar flame 
velocity and the flow component perpendicular to the front, strongly deflects 
the flow at the burner outlet. The flow pattern is, in this case, completely 
Tnn rlifip .fi by the presence of the high-frequency large-amphtude oscillations 
of the incoming flow. 



4.2 Forcing of a turbulent ducted flame 
by longitudinal acoustic modes 

In this second example, a premixed turbulent flame is anchored on a V- 
shaped flame holder placed in a rectangular combustor. The channel is fed 
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Fig. 7. Image of the same Bunsen flame forced at 1000 Hz. A parametric instability 
is excited, radically changing the flame structure and average flow field. The burner 
exit diameter is 22 mm. 



with a mixture of air and propane. Experiments were carried out for a set 
of equivalence ratios (0.6 < <f> < 0.9) and mass flow rates (see Yu et al. 
(1991) for fiirther details). The flame is excited by two driver units located 
on the upstream channel, producing longitudinal acoustic modes. Weak pres- 
sure oscillations produce a striking wrinkling of the turbulent flame front (as 
illustrated in Figure 8). The flame responds over a broad range of frequencies 
with a maximum for a Strouhal number based on the stabilizer size and flow 
velocity at the stabihzer lip St = fh/U of order one. It is quite remarkable 
to note that the flame response is essentially flat over a broad spectral range 
(300 to 1800 Hz) . Here again, the strong response observed may be related 
to the hydrod 3 mamic instabilities of the flow. 

4.3 Modulation of a turbulent spray flame 

While gaseous flame forcing has been studied rather extensively, much less 
has been done on spray flames. This topic is of special interest because many 
combustors are fed with hquid fuel. A spray is usually formed by a mechanical 
or air-assisted atomizer. Experiments described in this section are carried out 
on a spray flame formed by a pressure ato mi zer and stabilized behind a small 
plate. The fiiel is injected through a central hole in the flame holder plate. 
The air passes around the flame holder and mixes with the small droplets in 
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Fig. 8. Schlieren photograph of a turbulent premixed flame subjected to acoustic 
perturbations (from Yu et al. (1991)). The modulation reorganizes the flame holder 
wake into coherent structures. The global heat release rate is increased by the 
forcing. 



the wake. Heat released by combustion vaporizes the remaining fuel droplets 
and the gaseous fuel released by this process mixes and burns with the down- 
stream air. The natural flame obtained in this configuration is displayed in 
Figure 9 together with the fuel injector geometry. The burner and the active 
control system are shown in Figure 10. 

A loudspeaker may be used to modulate the air stream. Another actuator, 
located on the fuel hne and comprised of a fast electrovalve, is used to modu- 
late the fuel stream. The forced flame is visuahzed by acquiring phase-locked 
images with a CCD camera equipped with an interferential filter centered 
on the CH* emission peak wavelength (430 nm). The modulation of the air 
stream reorganizes the flame structure as shown in Figure 11. 

On the basis of simple physical considerations, the response of this type 
of flame to external excitation has been analyzed (Haile et al. (1996)). It is 
found that the flame responds best to structures whose characteristic length 
scale is the same as that of the reaction field, that is, having St = fD/U « 1. 
If the coherent vortices produced by the acoustic forcing are of the same size 
as the flame holder diameter D, they can effectively reorganize the entire 
reaction zone. They mix the fuel that is located close to the burner axis with 
the fresh air and combustion products. What is more, the droplet mechanical 
relaxation time should be less than the turn-over time of these coherent struc- 
tures, so that they can be effectively entrained and mixed with the fresh air 
and products. This favors lower forcing frequencies, and may explain in part 
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Fig. 9. Direct view of the unforced turbulent spray flame CH* radical emission. 
The color scale is linearly proportional to the emission intensity from red (least 
intense) to blue (most intense). The burner geometry is shown to scale. 



the cut-off phenomenon observed in the acoustic response and NO emission 
reductions (Delabroy et al. (1996a)). 

Using the hquid-fuel actuator, it is possible to stage actively the fuel dis- 
tribution in the combustion chamber, and to s 5 mchronize fuel injection with 
the roll-up of the coherent vortices organized by the acoustic forcing. Fig- 
ure 10 shows how this is accomplished experimentally. The loudspeaker is 
driven as before, and the acoustic excitation organizes the reaction zone into 
periodic coherent vortices. A microphone mounted on a wave guide at the 
burner exit plane on the chamber wall measures the acoustic pressure oscilla- 
tions inside the combustor. Its signal is pass-band filtered around the forcing 
frequency. The liquid-fuel actuator is then used to synchronize the injection 
of the spray into the chamber with this signal. Both actuators operate at 
the same frequency, but their relative phase (measured between the valve’s 
opening and the positive zero-crossing of the acoustic pressure signal) can be 
varied. 

Figure 12 (taken from Haile et al. (1997)) shows the results obtained by 
forcing the flame acoustically and staging the hquid fuel injection at 124 
Hz. The relative phase between the hquid-fuel actuator’s opening and the 
microphone signal changes by 45° between each image. The relative phase 
is nil in image 12(a). The images were acquired in phase with the liquid 
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pass-band filter 



Fig. 10. Experimental set-up for active spray flame control. 



fiiel actuator, so that the phase of the coherent structures advances by 45°, 
while the packet of liquid fuel remains stationary. This latter is located at the 
center of each image, as shown by the region of intense CH* activity. As the 
coherent structure advances into the chamber, it interacts with the packet of 
droplets. Yu et al. (1996) have shown that periodic vortex-droplet interactions 
can be used to stabilize a spray flame in a dump combustor. In the present 
experiments, reductions in the sound pressure level of approximately 20 dB 
at the forcing frequency can be obtained with respect to the case of steady 
fiiel injection when the droplet packet and vortex are out of phase (image 
12(d)). When the two are in phase, the pressure fluctuations are maximized, 
and the apparent reaction zone length is minimized (image 12(h)). The effect 
on pollutant emissions is yet to be investigated for this particular case of dual 
excitation. However, the results previously obtained pointing to the improved 
mixing of reactants and reduced apparent reaction zone length are promising. 
How these changes bring about reduced NO^; emissions is the subject of the 
next section. 
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Fig. 11. CH* emission image of the flame under acoustic modulation. The image 
is acquired by phase-locking the camera with the excitation signal. The flame is 
excited at 82 Hz 5 Pa zero-peak. Each image corresponds to a different phase of 
the acoustic cycle, separated by 90° jffom its neighbors. The color scale is the same 
as in figure 9. 

5 Application to pollutant emission 

The interactions between a flame and large-scale coherent structures, as de- 
scribed in the previous section, have a major impact on pollutant emission. 
Long-term research effort is needed to design and commercialize new low- 
NOjc burners, while there is an urgent need for solutions to industrial ap- 
phcations faced with more demanding regulations on pollutant emissions. 
Active control can be used to retrofit a variety of existing burner configura- 
tions to comply with new legislation. It appears then as a viable alternative 
to acquiring completely new burners. This approach has been developed for a 
20 kW hquid-fueled burner (Delabroy et al. (1996b)) and for a larger 900 kW 
system (Delabroy et al. (1996a), Delabroy et al. (1997)). 

The goal of this section is to describe how active combustion control can 
lead to the observed NOa, emission reductions, using the results presented 
in the previous section concerning active control of a turbulent spray flame 
(Fig. 11). Open-loop experiments indicate reductions of 20% in NOa, emis- 
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Fig. 12. Phase-locked images of the CH* radical emission of the flame. The color 
scale is the same as in figure 9. Both the air and the fuel are modulated at 124 
Hz. The relative phase of the air modulation with respect to the valve’s opening 
changes by 45° per image. The image is acquired for a fixed phase of the fuel valve 
cycle. {A(l> = 0°, (a) ; A4> = 45°, (b) ; A<f> = 90°, (c) ; A<f> = 135°, (d) ; A<j> = 180°, 
(e) ; A<j> = 225°, (f) ; A4> = 270°, (g) ; A(j> = 315°, (h)) 

sions are achievable (Delabroy et al. (1996b)). The different mechanisms pre- 
sented in this section can be extrapolated to other systems featuring snrnlar 
interactions between the flame and large-scale structures. 



5.1 NOa; reduction: global effects 

In order to understand the observed reduction in NOx emission during active 
control experiments, one has to consider both the global and local effects 
of acoustic forcing on the flame. Globally, acoustic excitation systematically 
reduces the visible flame length (Ly) (Delabroy et al. (1996b)). This phe- 
nomenon has been observed in other configurations (Lovett & Turns (1990, 
1993)). The residence time of burnt gases in high temperature zones is there- 
fore reduced. This contributes to reducing thermal NO formation (Hayhurst 
& Vince (1983)). Note that empirical correlation of NO^; production (Peters 
& Donnerhack (1981), Stansel et al. (1995)) scale as Lf or Lf^. Therefore, 
reducing Lf wiE diminish NO^ generation. The previous discussion concerns 
thermal NO. Because the residence times are relatively short in many situa- 
tions, the thermal mechanism is not the only source of NO. To understand 
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the reduction mechanisms for prompt or fuel NO, it is important to examine 
the modifications in the local flame structure. 



5.2 NOa; reduction: local eiffects 

The non-prenuxed flame which develops in the combustion chamber down- 
stream of the flame-holder is wrapped-up in the braids of the coherent vortex 
educed by the acoustic excitation (Fig. ll(b & c)). Here, the flame is sub- 
jected to high strain rates (Thevenin & Candel (1995)). Thermal NOg, forma- 
tion rate decreases with increasing strain rate (Drake & Blint (1989), Vranos 
& Hall (1993)), and is therefore reduced in the vortex braids. Procter (1994) 
already suggested that the strain rates existing in pulse combustors were 
responsible for low NOar levels. 

Further downstream (Fig. ll(d & a)), the vortex grows, entraining fuel 
and air into its core, where a lean premixed flame ignites. The temperature 
field is more homogeneous and lower temperatures are attained than in difiii- 
sion flames. Such conditions reduce thermal NO production (Pompei & Hey- 
wood (1972), Lyons (1980)). Prompt NO formation is also reduced mainly 
because of the superequihbrium concentrations of O and OH prevalent in 
these flames (see Keller et al. (1994)). The chemistry of NOa; formation is 
presented in detail in the review by Miller Sz Bowman (1989). 

Actively pulsed combustion also promotes reburning through the induced 
modifications of the flow field. Consider the primary flame zone, stabilized 
behind the flame-holder (Fig. 13). The structure of this rich primary flame is 
not modified by the air flow modulation. Due to the rich environment, a large 
quantity of CH* radicals is produced. In the actively controlled flow, these 
radicals are entrained away fi-om the burner axis by the coherent structures 
(Fig. 13) and may now react with the NO formed in the premixed vortex 
core through reactions like: 

CH -h NO ^ HCN -h O, 

CH + NO N + HCO, 

CH + NO CNO + H. 

This mechanism is quite similar to reburning, or fuel staging, (Kolb et al. 
(1988)). In the modulated flame the staging is dynamic and internal. Other 
methods inducing internal staging exist (Beer (1994)), but the solution pro- 
posed here does not require major structural modifications to the burner and 
can be easily applied to many systems. This reduction mechanism affects all 
types of NO, and explains why actively pulsed combustion influences prompt 
as well as fuel NO. To illustrate this point, the nitrogen content of heavy fiiel 
oil was simulated by doping domestic heating oil with pyridine and burned 
in a 900 kW burner (Delabroy et al. (1996a), Delabroy et al. (1997)). A re- 
duction of 30% was achieved, demonstrating that active control can reduce 
the production of fuel NO. 
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- ProductioD of CHi 
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-V^orizes the fuel droplets 




Reference flame 



Internal staging - "Rebuming" 



Fig. 13. Flame structure without (left) and with (right) control. 



6 Conclusions 



Active control methods have considerable potential in combustion. Exper- 
iments carried out on small and medium scale systems indicate that ac- 
tive control may be used to reorganize the flame region, improve mixing, 
modify the flame volume, or obtain a dynamic staging of the reaction zone. 
Open-loop control has already been employed to reduce nitric oxide emission 
levels. Further progress in this area will require a deeper understanding of 
flame interactions with external perturbations. In particular, it is necessary 
to develop basic studies on combustion/ acoustic couphng and examine how 
modulations of air and fiiel can be synchronized to attain optimal operation. 
Active control is also potentially useful in reducing instabilities that may 
appear in advanced systems like the lean premixed combustors which are 
now being developed for gas turbines and aircraft engines. While these sys- 
tems produce low NOa, levels, they are often unstable. Pressure oscillations 
which appear under unstable conditions may then lead to flashback or flame 
blowout. Active control might be useful in preventing this unacceptable dy- 
namical response and, in this sense, it might also help enhance the operation 
of the combustion system. Practical application of active control concepts 
is not straightforward. It will require further studies of basic mechanisms, 
examination of scaling problems, as well as more technological investigations 
focusing on sensors, actuators, and control algorithms. Rehability concerns 
in hostile environments will have to be treated carefully. 
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Abstract. In 1976, Werner Heisenberg lay dying. On his deathbed, he is reported 
to have said (Gleick, 1988) that he had two questions for God: why relativity, and 
why turbulence. “I really think,” said Heisenberg, “He may have an answer to the 
first question.” In this paper we focus on a tiny piece of the second question, “why 
tmbulence?” Specifically, we try to understand just enough of that question to be 
able to decide whether or how turbulence could possibly be controlled. This is an 
ambitious agenda, and to study it we break the problem into manageable topics. So 
here we discuss two things. First, we review progress over the past decade on the 
control of low-dimensional, temporally chaotic dynamics. Second, we explore recent 
work which demonstrates how the dynamics of spatially chaotic, but temporally 
regular, systems can be manipulated. We conclude by very briefly discussing the 
prognosis of this research for the control of truly turbulent problems, which are 
unpredictable both in space and in time. 



1 Historical Setting 

Our story begins nearly a century before Heisenberg’s death, in 1890. Prior to 
1890, it was universally accepted that physical bodies were well described by 
the “clockwork universe.” That is, given a set of bodies and a mathematical 
description of how they interact, it was believed that we could, given suffi- 
cient resources, calculate the positions of these bodies for all future times. 
Bodies should interact predictably and their trajectories should be prescribed 
forever. 

This view was to be contradicted in 1890 by Henri Poincare. On January 
21, 1889, in celebration of the 60*^ birthday of King Oscar II of Sweden, a 
prize was awarded to Poincare for his work on the reduced celestial 3 body 
problem: the problem of an infinitesimal body in the gravitational fields of 
two larger bodies. In a 200 page manuscript pubhshed in the prestigious 
Acta Mathematica, Poincare demonstrated that formal series solutions to 
this problem converge, and consequently there was thought to be hope that 
celestial problems such as the orbit of the moon around the earth could be 
stable. 

Our story would end there, except for one thing: Poincare’s proof was 
wrong. In a later, 270-page paper, Poincare provided the correct proof 
(Poincare, 1957), which demonstrated that celestial orbits can in fact be 
unstable. All copies of his earher work were systematically sought out and de- 
stroyed (Peterson, 1993). Poincare’s proofin itself was controversial (Poincare, 
1896), though the controversy was moderated somewhat by his demonstration 
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(Sternberg, 1969) that the series would nevertheless asymptotically describe 
the motion of the three bodies (Poincare, 1893; Schlissel, 1977). Nevertheless 
his proof presented a profoundly disconcerting idea, for as Poincare pointed 
out,^ “perhaps one day a mathematician will show by rigorous reasoning that 
the solar system is unstable.” Thus one day, the moon could crash into the 
earth — or the earth could escape from the solar system altogether. More dis- 
concerting still, given no amount of resources can we compute whether or not 
these catastrophes will occur. The fateful day presaged by Poincare did not 
for practical purposes come until quite recently — a century after Poincare’s 
seminal proof — ^when careful computations showed conclusively that chaos — 
long term unpredictabihty — ^is readily to be found in the solar system (Laskar, 
1989; Sussman and Wisdom, 1992). 

The words of Poincare, recognized at the time as the “greatest living 
mathematician” (Segre, 1980), a man who became the youngest ever presi- 
dent of the French Academy of Sciences, feU largely on deaf ears. To this day. 
Physics is largely taught as if Poincare never lived — as if we hve in a clock- 
work universe where everything can be predicted, everything understood. Yet 
we know this to be false. We know that even exceedingly simple systems can 
defy all attempts at prediction. We know further that the source of this un- 
predictability is the exponential growth of uncertainties in what we now call 
‘chaotic’ systems (Li and Yorke, 1975). 

One need look no further for a practical example of chaos than Goldstein 
(1950), the standard Classical Mechanics text. On page 12 of Goldstein’s clas- 
sic, one finds the double pendulum (sketched in inset to Figure 1) — one of the 
simplest of physical devices — described as an example of coupled oscillation. 
And indeed, for small oscillations one can use this device, as remarked by 
Professor Goldstein, to demonstrate the existence of normal modes. In ad- 
dition to normal modes, however, if one studies the double pendulum for 
larger oscillations — ^where linearization is no longer appropriate — one can 
prove quite readily the existence of chaos, and the presence of trajectories 
which diverge exponentially in time (Shinbrot et aL, 1992) (Figure 1). Thus 
in the very same system which exhibits linear, stable and completely pre- 
dictable motion, one can find alongside nonlinear, chaotic and unpredictable 
behavior. The co-existence of these two antithetical behaviors is a theme that 
we will return to. 

2 Control of Temporal Chaos 

Apparently very simple systems can be extremely sensitive to tiny pertur- 
bations. There are many examples; the double pendulum is just one. The 
question that several teams of researchers have raised over the past decade 
is, “can this sensitivity be used to control chaotic systems?” 

^ "... un jour peut-etre im mathematicieu fera voir, pax uu raisonnement rigoureux, 
que la systeme planetaire est instable” (Gamier and Leray, 1953). 
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Fig. 1. Inset: Sketch of double pendulum. Main plot: Experimental separations 
between states of double pendulum released ihom, as nearly as possible, identical 
initial conditions during multiple trials; bold curve is numerical result. 



The first practical contribution to the control of a chaotic system came 
from NASA (Wisdom, 1987). A httle over a decade ago, NASA had an in- 
teresting problem. The comet Giaccobini-Zinner was due to travel through 
our solar system, and NASA scientists wanted to send a spacecraft through 
its tail. At the time, this had never been done before. But NASA couldn’t 
budget a spacecraft to do this; it would have cost bilhons of dollars. What 
NASA did have was a craft that had previously been used to study the so- 
lar wind. This craft, the International-Sun-Earth-Explorer-3 (ISEE-3), was 
parked in a “halo orbit” — a controlled, elliptic trajectory— encircling a so- 
called Lagrange point, where the gravitational attractions of the earth and 
sun cancel out. 

Because of the essential nonlinearity in celestial mechanics remarked upon 
by Poincare a century earlier, NASA was able to send the craft — ^renamed 
the International-Cometary-Explorer-3 (ICE-3) — in a complex, unstable tra- 
jectory halfway across the solar system to meet the comet, using only small 
amounts of residual hydrazine fiiel left over from its solar wind mission. It 
is important to stress that this was made possible only by the nonlinearity 
of the 3 body problem; NASA’s maneuver would not have been possible in 
a linear system. In a hnear system, a large effect requires a proportionately 
large control. Only in a nonlinear system can one achieve disproportionately 
large effects using small controls. 
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NASA’s method was customized to their task and is excee ding ly inter- 
esting (Efron et aL, 1985; Dunham and Davis, 1985; Farquhar et aL, 1985; 
Muhonen and Folta, 1985; Muhonen et aL, 1985). What they did in the 
ISEE-3/ICE-3 mission (and what they do today in planning new missions) 
was to compile a hbrary of maneuvers that would take them from one kind 
of trajectory to another. For example, they would calculate a single slingshot 
trajectory around the moon or a multiple slingshot with an orbit aroxmd the 
earth intervening, and so forth. Then they looked for ways to piece maneu- 
vers from this hbrary end-to-end in such a way that they could get from their 
starting point to their target. Fuel was reserved to redirect the spacecraft from 
one maneuver to another and for periodic mid-course corrections 

This brings us to the first of the major topics of this paper: the control 
of temporal chaos. The study of modern, computational chaos began with 
Ed Lorenz in the 1960s. Lorenz is a meteorologist who studied simplified 
weather models. In his seminal paper (Lorenz, 1963), “Deterministic Non- 
periodic Flow,” Lorenz sought to study convection in a computational fluid 
model. This model involved a modal truncation, whereby a PDE is reduced 
to a set of ode’s by examining the dynamics of the lowest order coefficients 
of a Fourier expansion. 

The earhest reference we find to the control of chaos, m fact, deals with 
the grandfather of aH convective flows: the weather. In about 1950, Johann 
von Neumann gave a talk at Princeton on the subject of weather control. 
In his talk von Neumann foretold of a day when (Dyson, 1988) “as soon 
as we have some large computers wo rking , the problems of meteorology will 
be solved. All processes that are stable we shall predict, and all processes 
that are unstable we shah control. . . ” Thus Von Neumann ima gin ed that, “a 
committee of computer experts and meteorologists would tell airplanes where 
to introduce small disturbances in order to make sure that no rain would fall 
on the Fourth of July picnic.” 

2.1 Using Chaotic Sensitivity 

Clearly the spirit, if not the precise implementation, of the control of chaos 
has a long history. In the remainder of this section we will describe a few 
generic methods for the control of temporally chaotic systems. 

As we have shown, chaotic systems are extremely sensitive to tiny per- 
turbations. So if at time t = 0 we can adjust some parameter in a chaotic 
system, we expect generically that the future trajectories of the system will 
diverge exponentially in time as indicated on the sketch shown in Figure 2. 

Here we see that if a particular chaotic trajectory follows the solid curve at 
the nominal parameter value, p =Po, then by perturbing the system a little — 
i.e. by changing the parameter to p = po + 6p — we expect the trajectory to 
veer away exponentially, as shown in the dashed curve. This means that by 
choosing a suitable perturbation between 0 and 5p, we can reach any point 
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p=Po+5p 



Fig. 2. Exponential growth of disturbance in a chaotic system. Sohd line indicates 
trajectory at nominal parameter value, Po] dashed hne at perturbed value, Po +6p. 
Thus any target on grey curve — ^which typically grows exponentially in length with 
time — can be struck using a perturbation between zero and 6p. 



on some grey curve shown in the figure. Thus if we want to reach a particular 
target, our job will be to sweep the grey curve forward in time until it strikes 
the target, and then identify the parameter which leads to the target region. 



2.2 Implementations 

Let’s see how the idea works. In Figure 3 we show everyone’s favorite at- 
tractor, originally produced by Ed Lorenz in 1963. If you want to study 
simple caricatures of turbulent flow, this is a good place to start, for as we 
mentioned, the attractor defines the state of convection rolls in the chaotic 
regime. Indeed, the Lorenz equations can be used to describe the motion of 
a narrow upright torus filled with fluid and heated from below (Yorke et aL, 
1987) (sketch to right of Figure 3) . 

We imagine that we want to direct the trajectory from any arbitrary 
starting point on the attractor to, say, a neighborhood of the unstable sta- 
tionary point of the flow, the origin (encircled region in Figure 3). This is 
an interesting region because it contains exceedingly low measure: only 1 in 
1010 orbits around either lobe of the attractor falls within the target region 
shown. To put this in perspective, the probability that a flipped coin will end 
up resting on its edge is a factor of a million greater than this (Murray and 
Teare, 1993). 

As in any real physical problem, we imagine that we have control over 
some parameter, p — some knob or flow control, say. For our problem, we 
imagine that the parameter represents an as 5 mimetric heating rate in the 
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Fig. 3. Lorenz attractor (left) and heated fluid loop (right), which Lorenz equations 
can be used to model. 



Lorenz system (small candle labelled 6p in the fluid loop sketched in Figure 3) . 
To direct a trajectory to this target, in a computer model of the Lorenz 
system, we perturb the flow by adjusting this parameter by some amount 
p{t) = ±8p. Analytically, the Lorenz system with this parametric adjustment 
is written: 



X = a{Y-X) 

Y = -X Z + r X-Y-^p{t) (1) 

Z^XY-bZ 

where we use Lorenz’ values for the parameters: cr = 10, r = 28, and b — 8(3. 

We trace these two trajectories forward in time until they eventually fall 
on opposite sides of the target. We can identify these events by placing planes 
through the origin, labelled Y< and in iii® flgure, and noting when a tra- 
jectory passes through one or the other plane. Once the trajectory associ- 
ated with p = po — Sp strikes one plane and the trajectory associated with 
p=p^-\-Sp strikes the other, if our system is sufficiently low-dimensional and 
well behaved, then we expect that some perturbation in the range between 
Po — 8p and po + Sp will strike the target. All that remains is to refine the 
estimate of the correct perturbation, which can easily be done, for example 
by successively halving the parameter range and choosing the halves which 
contain the target. 

Readers may recognize this as a simple shooting method. What is new 
here is that this simple method has been apphed to a chaotic system, and far 
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from linearizing the problem — as is frequently done for control calculations — 
we include the full nonlinearities of the system. In so doing we can turn the 
exponential sensitivity of the sj^tem to our advantage. 

Through this procedure, we can choose the perturbation to any accuracy 
we desire which should get us from any point on the attractor to a neighbor- 
hood of the origin — or any other target on the attractor — ^in a short time. 
How short? We mentioned that only 1 in 10^° orbits around the lobes of the 
attractor will fall in a small neighborhood of the origin. By contrast, this 
technique typically brings us to the origin in 5 to 10 orbits, again using only 
small perturbations. This represents a factor of a hillion improvement in the 
time required to reach the target. This improvement is accomplished in this 
example using controls which amount to less than a tenth of a percent of the 
nominal heating rate, po . 




In Figure 4 we show a typical trajectory brought to the origin in a nu- 
merical experiment including additive noise. The same trajectory without 
control leads nowhere near the origin in any sensible amount of time (cf. Fig- 
ure 3) : Again, our recipe is to calculate a perturbation in a ‘model’ Lorenz 
system, and then to apply the perturbation in a separate ‘real’ sj^tem includ- 
ing additive noise.^ To deal with noise, we re-apply the targeting algorithm 
periodically to obtain mid-course corrections. This is the same thing that 



^ For experiments done on this system, see Singer et al. (1991). 
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NASA did in their ISEE-3/ICE1-3 mission and that every other robust con- 
troller does, and it can easily be shown that through these corrections we can 
reduce the exponential growth of errors to a growth that is no worse than 
line ar. 

Notice that we are playing both sides of the street here: because this sys- 
tem is chaotic, we can make use of exponential sensitivity to rapidly steer 
trajectories to highly improbable states. But because we correct the tra- 
jectory regularly, we can prevent the exponential build-up of errors in the 
trajectory. 

There is, of course, nothing magic about the origin as a target; any other 
accessible state would work as well. For example, in Figure 5 we show a 
chaotic trajectory which is brought to a figure-eight unstable orbit. Unlike 
targeting of the origin, in this case we only need one plane, and we identify 
trajectories which strike one or the other side of the target point on this 
single plane. 




X 



Fig. 5. Targeting of figure-eight orbit in Lorenz system 



Once near this orbit we can apply the same targeting algorithm to bring 
the state back to the same orbit in the shortest possible time. Thus the 
targeting technique can be apphed to stabilization of unstable periodic orbits 
(UPOs) as well, with the added advantage that targeting, requiring a global 
model, includes all nonlinear effects and requires no linearization (cf. Ott 
et al., 1990; now a classic for stabilization in chaotic systems). A further 
feature of targeting is that it can be used to send signals (Hayes et al., 
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1993; 1994a; 1994b). In one implementation which has been developed, one 
UPO of a nonlinear transmitter is associated with a zero, and a second UPO 
is assigned to a one. By targeting one UPO and then the other, one can 
switch the system state in such a way as to send digital information. Indeed, 
since there are typically an infinite number of periodic orbits embedded in a 
chaotic attractor (Grebogi et al., 1988), one is not restricted to base-2; one 
can efiiciently send information in any base that might be desired (Barretto 
et al., 1995). 



2.3 Higher Dimensionality 

We have so far shown that straightforward techniques can be used to steer tra- 
jectories to a desired state in simple, temporally chaotic systems like a heated 
fluid loop. For problems of this kind, it should not be surprising that control 
is possible. Indeed recent research has proven that there is an intimate rela- 
tion between ergodicity — a hallmark of dissipative chaos — and controUabihty 
(Colonius and Khemann, 1993). For the Lorenz case, this relation is facih- 
tated by the low dimensionahty of the problem: the correlation dimension 
(Schuster, 1989) of the Lorenz attractor for the parameters used in Figure 3 
is 2.06. The technique we have described works by detecting intersections 
between the flow and surfaces of section (e.g. the plane shown in Figure 5), 
on which the dimension is 1.06. So we have a nearly one-dimensional problem 
which we are controlhng using one parameter (Shinbrot et al., 1992). It comes 
as no surprise that control is readily achievable. 

What about higher-dimensional problems? Here we can play the following 
game, which we illustrate using the Henon system: 



Xn+l — p + 0.3 Yn — 

Xji 



( 2 ) 



where we use a nominal value for the parameter p of po = 1.4. Equations (2) 
define the discrete time evolution of points (W„, 1^) at times n. The chaotic 
attractor (Ruelle,1980) resulting from these equations is shown in Figure 6(a) . 
We imagine that the current system state is defined by A = (Xo, W), and 
we want to reach a new system state, B = (Xt, It). If we continuously vary 
a control parameter, we can sweep out a short^ line segment, identified by 
F^{A) in Figure 6(b). By iterating this segment using the map (2), we obtain 
F^, F^, etc., and in a chaotic system, we expect the lengths of these curves 
to grow roughly exponentially in time. We repeat these iterations until the 
length of the curve is on the order of the size of the attractor. 

^ For the plots shown in Figure 6, we use a total parameter variation p = O.OOlpo, 
where again Po = 1.4. In this example, the starting point is: 

(0.94228972, 0.8512537). 
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Fig. 6. Targeting in Henon system 



Next, we surrounci the target point with a small^ circle (for higher- 
dimensionar problems a hyper-surface),, and iterate this circle backward in 
time, using the inverse map, F~^. For the Henon map (2), this inverse is 
unique; for other problems multiple branches may result, but the same idea 
stiE holds for any given branch (Kostehch et aL, 1993). We repeat this pro- 
cess until, once again, the size of the circle is on the order of the attractor 
size. We then search for intersections between the forward iterates emanat- 
ing from A and the backward iterates from the circle surrounding B. These 
intersections represent trajectories that start at A and end near B. Intersec- 
tions typically exist due to the hyperbohc structure of stable (Figure 6(c)) 
and unstable (Figure 6(a)) manifolds characteristically found in chaotic sys- 
tems. Moreover, because of the exponential growth which is characteristic of 
chaotic systems in both forward and backward evolutions, the time required 
to reach a target using this technique is exceedingly short, and goes only as 
the logarithm of the target size (Shinbrot et al., 1990). 

■ In the example shown, we use the target point, (0.5999968, —1.58540), and sur- 
round this point by a circle of radius 0.01 (in units defined by Equations (2)). 
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Chaos control methods have been apphed to numerous practical problems. 
In multi-mode lasers, the stable power output has been boosted by over an or- 
der of magnitude (Gills et ah, 1992; Ditto and Pecora, 1993). In phase locked 
loops, the range of entrainment has been broadened, again by a large factor 
(Bradley, 1993). In communication and switching devices, chaotic instability 
is used to reduce switching times and provide encryption strategies (Pecora 
and Carroll, 1990; Cuomo and Oppenheim, 1993; Barretto et al., 1995). In 
chemical and catalytic reactions, product concentrations and reaction rates 
are controlled (Parmananda et al., 1993; Petrov et al., 1993). And so forth. 
All of these examples are chaotic in time, but not (significantly) in space. 
This brings us to the second part of this paper: the control of sj^tems which 
are chaotic in space, but not in time. 

3 Control of Spatial Chaos 

In this section we focus on a mechanism which can sometimes counteract 
the mixing influence of chaotic fluid flows. We begin by asking the relatively 
straightforward question of whether chaotic fluid flow can be controlled in 
any way. If we want to control chaotic fluid flow in a certain region, our first 
thought might be to make use of a chaos control technique, such as the ones 
we have described. Existing control techniques can do things hke target or 
stabilize an unstable fixed point in a chaotic system. So we might ask what 
happens if we try to stabilize an unstable point in a chaotically advecting 
fluid. 

The difficulty in a fluid is that in any practical apphcation, it doesn’t do 
any good to stabihze a single point. A single point has measure zero; what is 
needed is to control a cluster — a blob — of points. A spot of dye in a bucket 

of paint . . . reactants in a mi xing tank ... a hairpin vortex on an airfoil 

In all of these examples, it is the behavior of a group of points that is of 
interest, not a single point alone. 

The problem fundamentally is that fluid flows are in general® volume 
conserving. If we apply a t3rpical control procedure to a conservative problem, 
we find the following. In Figure 7 we show the standard map, defined as: 

= sin(X^) (3) 

ArTi-j-i = Xj^ -j- 

The standard map is a convenient paradigm which shares many of the features 
of fluid flow (Aref, 1984; Shinbrot, 1996). The map defines the evolution of 
points {Xn,Yn) at discrete times n in the periodic domain [— tt, tt]. Because 
the map is discrete in time and involves only simple algebraic calculations, it 
is computationally much simpler to analyze than fluid flow dynamics. 



® With notable exceptions such as Sommerer (1993) and Husain et al. (1995). 
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Fig. 7. Hyperbolic stretching in standard map 

At the center of Figure 7 is a hyperbolic point, denoted P*. If we evolve 
a set of points (white rectangle in Figure 7) surrounding a hyperbohc point, 
after one iteration of the map (grey quadriUateral in Figure 7), the set will be 
drawn away along the unstable manifold of the point. If we apply control, any 
one point in the initial set can be brought to the h5q)erbohc point, but all of 
the other initial points will still be drawn away along the unstable manifold. 
Precisely the same thing happens in chaotic fluid flows. 

The problem in detail is that common control techniques leave the (hy- 
perbolic) structure of the flxed point intact. In a non-conservative system, 
there is no problem: the goal of control is to make the desired flxed point 
attractive to all points in a certain neighborhood.® In a volume-conserving 
problem hke the standard map or a typical fluid flow, however, no point can 
ever be attracting. 

To control a cluster of initial points, we need to change the topology 
around the fixed point so as to keep the cluster together within the sur- 




® See, for example, Ogata (1990). 
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rounding chaotic sea. How might this be done? It so happens that nature has 
provided us with copious examples, not just in spatially chaotic flows, but in 
actual turbulent flows as well. 

A prototypical coherent cluster — or structure — ^in a tmbulent flow is the 
Great Red Spot of Jupiter, originally discovered in 1664 by Robert Hooke 
(Hooke, 1665-6) . This is a highly turbulent flow; the Reynolds number near 
the red spot is on the order of 10®. Yet the spot has survived for more 
than three hundred years. Thus we ask: “how has this spot persisted within 
Jupiter’s turbulent atmosphere? Given its presence, why hasn’t the surround- 
ing turbulence destroyed it?” 

This question is not new; nor is it restricted to turbulence problems; the 
Great Red Spot is only one example of a coherent structure; these struc- 
tures are observed in an astonishing variety of very different physical sj^tems 
ranging from turbulent fluid flow to the human heart. 

For more than 30 years, physiologists have studied so-called ‘circus’ waves 
in the heart, in which a locahzed region of the heart will talk only to itself 
rather than interacting with the rest of the heart muscle (Wit and Cranfield, 
1978). 

In Hurricane Andrew several years ago, it was determined that most of 
the damage was caused not by the hurricane’s sustained winds; rather the 
damage was principally caused by coherent vortices in which the winds were 
driven to nearly twice the sustained wind speed (Hecht, 1993). 

Coherent structures appear in virtually every scientiflc disciplme: in cat- 
alytic chemistry; in epidemiology; in meteorology; in the study of Josephson 
junction arrays; in neural processing What do these very different prob- 

lems have in common? No one would be surprised to see regular structures 
in regular flows, but why do they always seem to crop up in irregular flows? 

So this is a set of fundamental questions that we might ask. Beyond these, 
there are practical questions that we must answer if we hope ever to control 
spatially chaotic systems. 

In particular, given that coherent structures often do pop up in comph- 
cated flows, we want to study what holds them together. Given that we might 
want to control chaotic fluid flow, can coherent structures be made to appear 
or vanish under our control? What underlying mechanisms keep one region 
of fluid in a -chaotic flow intact, while fluid all around is quickly dispersed? 
And supposing that a structure already exists, what do its internal dynamics 
depend on? Can we vary the mixing within a structure, for example? Can we 
put a spot of reactant dye in a bucket tank of poljuner and mix the polymer 
all around the reactant, keeping the reactant intact? And can we then mix 
the reactant with the polymer inside a little region, and then if we choose 
perhaps parcel out ahquots of diluted reactant? 
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3.1 Horseshoes in Mixing Flows 

These are also questions that we would like to answer. To make a start, 
consider the following Gedanken experiment. Chaotic mixing is known to be 
produced by repeated stretching and folding. Stephen Smale (Smale, 1967) 
originated this idea when he introduced the horseshoe map in 1967, and 
Osborne Reynolds (Reynolds, 1894) commented on a similar idea in 1894. 
The benefit of repeated stretching and folding for the purpose of mixing can 
be explained as follows. 

Suppose we observe that a rectangle of fiuid is stretched by a fixed amount 
every unit time. For example, stretching due to shear is depicted in the top 
sketches of Figure 8. Thus after one unit time (say a second), a region of 
length La is typically stretched to a new length Li =< A> where the 
average stretching is < A >= 2. After another second < A >= 3, and in 
general after n seconds, the average stretching is < A >= n + 1, or: 

Ln — La {n-j- 1) (4) 

The effect of hnear stretching on a rectangle half fiUed with grey material 
and half with white is shown in the bottom sketches in Figure 8: after 5 
seconds, the mean stretching is by a factor < A >= 6. 





<A> =2 <A> = 3 <A> = 4 <A> =5 < A> = 6 



Fig. 8. Top: Linear stretching in box periodic at left and right. Each time unit, 
bottom moves fixed distance to left, top moves fixed distance to right. This is the 
situation encountered in simple shear fl,ows. Bottom: Results of repeated appli- 
cations of shear on box initially half grey, half white, hi this progression we use 
periodicity at side walls to copy stretched material back into original box. The 
mean stretching after the final time step is < A >= 6. 



We compare this with the situation in which a region of fluid is repeatedly 
stretched and folded. As shown in the top of Figure 9, after each time step 
(again say a second), a rectangle is stretched by a factor of two and is folded 
to he in the same region as initially. This stretching and folding operation is 
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termed a ‘horseshoe, ’ and if the region near the fold is neglected, this is termed 
a ‘Smale horseshoe.’ Material contained within the rectangle is stretched by 
a factor of two every second, so that after n seconds the stretching is given 
by < A >= 2"'. Thus a small initial region of length Lo will grow after n 
stretching and folding operations to a length: 

L = Lo 2^ (5) 

This exponential growth is the hallmark of chaos. Now after 5 seconds the 
total stretching is by a factor of < A > = 32, as compared with the factor of 6 
in the linear stretching case. As shown in the bottom of Figure 9, a half-grey 
initial state is visibly better mixed as compared with the linear stretching 
case shown in Figure 8. 





<A>=2 <A> = 4 <A> = 8 <A> = 16 <A> = 32 



Fig. 9. Top: Horseshoe stretching and folding. Each time unit the rectangle is dou- 
bled in length and then folded over into shape shown. This is the situation encoun- 
tered in simple chaotic flows. Bottom: Results of repeated apphcations of horseshoe 
on box initially half grey, half white. The mean stretching after the final time step 
is < A >= 32. 



For the purposes of control, the thing to notice here is that the horse- 
shoe consists of two actions: stretching and folding. In conjunction, these two 
operations lead to exponentially fast mixing, but by separating the two oper- 
ations from one another, we can achieve a new type of control. That is, rather 
than putting the fold any old place, we can choose to put a fold where we 
want a coherent structure. This idea is shown in its simplest manifestation 
in Figure 10.. Now we include a second fold, on the left of the rectangular 
region, resulting in two topologically identical horseshoe maps, one shown in 
li ght grey and the second in dark grey. Each time we stretch the fluid, we 
may double its length, but each time we fold it, we halve the length. So it 
should come as no great surprise that systems which compose stretchmg with 
folding exhibit chaotic regions side by side with coherent ones, which come 
or go depending on the happenstance of fold location 
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Twin Horseshoes 




<A> =2 <A> = 4 <A> = 8 <A> = 16 < A> = 32 



Fig. 10. Top: Twin horseshoes, resulting in two separated mixing regions. Bot- 
tom: Stretching is still exponential in time within either region, but there is no 
interpenetration between regions. 



As indicated in the sketches at the bottom of Figure 10, the horseshoe 
structure results in exponential stretching stiU, but the dynamics in the two 
different grey regions are separated. In this figure, we consider the case where 
both regions exhibit identical horseshoes; alternatively we could permit dif- 
ferent dynamics in one region — ^for example in the fight grey region we could 
prohibit stretching altogether, or we could fold firom top to bottom rather 
than bottom to top. The point here is that by including an additional fold we 
isolate the dynamics in one region from those in another, and this has impor- 
tant implications for the control of spatially extended and volume-conserving 
problems. 

The horseshoe maps shown in Figures 9 and 10 are not completely general, 
since the initial rectangles shown have edges {L and R in Figure 9) which are 
folded together. In a container of fluid, say a stirred coffee cup, material 
can still be stretched and folded, but there are no edges to pull apart and 
rejoin. The same idea holds in more general flows where a continuous fluid is 
stretched and folded, as shown in Figure 11. Here the rectangles shown are 
periodic at the left and right edges — ^this is the situation one would see in an 
annular container. On the top of Figure 11 we show a horseshoe which would 
result jfiom stretching the entire contents of the annulus to three times its 
original circ umf erence, then folcfing the contents and reinserting it back into 
the container. Material is everywhere stretched in this operation, and mixing 
is global. If we insert folds into the central region we obtain the situation 
shown on the bottom of Figure 11. Now the fight grey, ‘s’ shaped region 
remains intact after repeated stretchings and foldings and does not mis with 
the outer dark grey region. 

Independent of the geometry of the problem (i.e. Figure 10 vs. Figure 11 ), 
the point to stress is that the horseshoe map — ^the presence of stretching and 
folding — ^is a universal mechamsm c omm on to a broad class of problems. Fluid 
problems involving chaos or turbulence are convenient for study because this 
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Fig. 11. Top: Horseshoe in box periodic at left and right. Point in center, P*, 
is hyperbohc. Bottom: Additional ‘s’ shaped horseshoe inclnded in central region 
results in two separated mixing regions indicated by hght and dark grey. P* is again 
hyperbohc, and mixing within each region is chaotic. 



stretching and folding occurs in physical space where we can readily visualize 
it; in other problems it occurs in phase space. Nevertheless, any system that 
stretches and folds can in principle be manipulated tu this way to create 
coherent structures in the presence of repeated stretching. The location of 
the fold is the key. 

Moreover, instead of repeatedly folding the region from bottom to top 
again and again, we can fold from bottom to top the first time, and then 
from top to bottom the next. By repeating this protocol, we can change the 
dynamics within the structxne from something that repeats once per cycle 
to something that repeats once hi two cycles ... or three cycles ... or eight 

In addition, effective stretching only occurs on the legs of the horseshoe. 

In the fold itself, the fluid can circulate, but need not stretch chaotically. By 
varying the proportion of fluid in the fold compared with the legs, the fraction 
of material that is chaotic or regular can be changed correspondingly. Thus 
by studying the horseshoes — ^which are known to underhe complicated flows 
(Ottino, 1994 ) — we can develop strategies to control the topology, mixing 
and extent of coherent structures. 



3.2 Implementations 

Let’s see how this works in a few problems. We’ll start with the easiest case, 
a ID map, then we’U look at a 2D Hamiltonian map, and Anally we’U apply 
these ideas to chaotic fluid advection. 

One of the very simplest ID maps is the tent map, shown in Figure 12(a). 
This map is defined by the following equation: 
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Pig. 12. Left: Tent map. Right: Evolution of initial point near origin under repeated 
application of tent map. 



Y _/2V„ ifO<X„<| 

if i<x„<1 

Thus Equation (6) defines the evolution of a scalar quantity, X, at discrete 
times n. The map and its evolution are shown in Figure 12. On the left we 
plot the functional form determined by Equation (6), and on the right we 
show the evolution of a point starting near the origin: Xo =0.01. This map 
stretches a t3rpical neighborhood by a factor of 2 in length — ^thus a point very 
near to Xo would diverge over time from the state Xn according to Equation 
(5) . Now suppose we want to add a ‘fold’ to break this map into two disjoint 
domains. We can do this by shifting the map by a phase, a: 

( 2 (a- Xn) if 0 <Xn <oi 

Xn+I = ^ 2 {Xn — a) if a < < (i + a) 

[^2 (1 -{- CK — Xn) if (|- T O') < Xn < 1 

This map and its evolution are shown in Figure 13. The new fold is visible 
as a ‘v’ shape in the lower corner of the plot on the left, and the effect of 
the fold is visible from the evolution shown on the right. Now the same 
initial point shown on the right of Figure 12 remains always within the li ght 
grey region shown; hkewise trajectories initially within the dark grey region 
remain in that region for all time (sohd line shown in evolution plot on 
right of Figure 13). Yet within each domain, typical neighborhoods are again 
stretched by a factor of two according to Equation (5) . In fact, in this example, 
we see from the plot to the left of Figure 13, that there are simply two copies 
of the tent map, one of which is inverted, so the dynamics within each domain 
are naturally the same as in the original map. This doesn’t have to be the 
case; for example, we can arrange the map to be whatever we like within 
either colored box provided that the map never extends beyond the box. To 
take an example, we could produce an attractive fixed point (dotted lin es in 



( 7 ) 
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upper right of map shown in Figure 13; corresponding trajectory also shown 
as dotted line in evolution plot to right) in one of the maps, or if the map 
in one of the grey boxes leaves the box (dashed line in lower left of map), 
then the maps in the two regions can interact to whatever degree we choose. 
Although neither of these modifications are area preserving in the ID case, 
these behaviors can be seen in higher-dimensional, area-preserving problems. 




0 1 



Xn 




Iterate, n 



Fig. 13. Left: Shifted tent map. Right: Evolution of same point near origin as shown 
in Figure 12. Now dynamics within light and dark grey regions are separated. Dot- 
ted lines indicate possible modification in dynamics within dark grey region; dashed 
line indicates mechanism to permit controlled intermixing between two regions. 



3.3 Coherent Structure Creation in Standard Map 

Let’s turn next to a 2D example: the standard map. We saw what happens 
near a h3rperbohc point in the standard map earher (Figure 7). The standard 
map has a sinusoidal nonlinearity (Equation (3)), and as we mentioned, this 
produces a hyperbohc fixed point, P*, at X = tt, X = 0 for the amphtude 
chosen {k = 2.5). Can folds really be used to create a coherent region around 
P*? Let’s insert a couple of folds near P* by modifying the standard map’s 
sinusoidal nonhnearity. In a model problem such as the standard map, we 
can do this analytically: in the inset of Figure 14, we show the nonlinear- 
ity of Equation (3) with a cubic polynomial inserted at X = tt, where the 
unmolested standard map exhibited a hyperbohc point (cf. Figure 7) . 

The effect of this modification is evident in the main plot of Figure 14. 
Now the same rectangle which formerly (Figure 7) was stretched hyperboh- 
cally away from P* is stretched and folded in the vicinity of P*. It is notable 
that formally the local stretching around P* has been doubled: if we examine 
an interval around the fixed point, we find after one iterate of the map that 
the. interval is stretched by about a factor of 2.5 for the standard map, and 
by about 5, twice as much, for this modified standard map. But there are 
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two folds to counteract this stretching. Each fold halves the effective stretch- 
ing, which is thus reduced from a factor of 5 to a factor of 5/4 — or a little 
over 1 — which is to say, to only shghtly worse than no stretching at all. And 
indeed, this modified standard map exhibits an isolated structure exactly in 
the vicinity of the folds. This is shown in Figure 15, where we expand the 
central region of Figure 14. Here we see clearly that there is an overlapping 
region between the initial rectangle (white) and the folded region (grey) that 
results from the apphcation of the modified map. If we examine trajectories 
in this region (inset to Figure 15), we find that they remain trapped within a 
region of overlap between the original rectangle and the fold (outlined in main 
plot of Figure 15). If you looked closely, you’d find that there are stochastic 
regions as well as stable islands within this structure, which is what you’d 
expect. By changing the details of the folds, you can modify these features 
as well — ^I’U show you a little of this later on.The appearance of the map far 
from the new structure is unchanged. 




X 



Fig. 14. Standard map with fold inserted in center. Inset: Fold incorporated into 
sinusoidal nonlinearity. 
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Fig. 15. Expanded view of folded region in modified standard map. Inset: Coherent 
structure which restilts from overlap between fold and original rectangle. 



3.4 Coherent Structure Creation in Chaotic Fluid Plow 

As we have indicated, it is possible to insert folds analytically into a model 
problem such as the standard map, but what about real problems? In Fig- 
ure 16 we show an example: flow of a viscous hquid held between two eccentric 
cylinders, each of which is free to rotate. In the figure, we show computa- 
tional images’^ looking into the cavity between the cylinders from above. By 
alternately rotating the inne r and then the outer cylinders, it is well known 
(Swanson and Ottino, 1992) that we can produce chaotic mixing through- 
out the fluid. We have discussed so far the relevance of horseshoe folds to 
coherent structures (Bresler et al., 1997; Ottino et al., 1994), and in many 
chaotic mixing problems these folds are readily identified. In Figure 16(a), 
we show how a rectangle of dye drawn into the fluid becomes deformed after 
one cycle of slowly rotating the inner and outer cyhnders.® The deformed 
rectangle takes the shape of a styhzed ‘z,’ with folds lying far from the initial 
rectangle. This is the situation shown in the top sketches of Figure 11, and 
as we would expect, there is good chaotic mixing in the region surrounding 

^ The experimental counterparts to these images appear in Bresler et al. (1997). 

® Here one cycle is defined by rotatiug the inner cylinder by —1080° , then the outer 
by —240° , aurl finally the inner again by —1080° . We choose the convention that 
positive angles represent clockwise rotation. 
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the rectangle. This is demonstrated in Figure 16(b), where we show how a 
small blob of dye would be advected after 14 cycles. 





(a) (b) 

Fig. 16. (a) ‘z’ shaped Smale horseshoe between two eccentric cylinders rotated 
according to prescribed protocol. Initial rectangle of marker particles shown, (b) 
Resulting global chaotic advection of small blob of markers after 14 rotation cycles. 



By contrast, if we perform the same experiment but this time add a 
counter-clockwise rotation of the outer cylinder,® we can bring the folds of 
the ‘z’ shown in Figure 16(a) close to the initial rectangle. This is shown in 
Figure 17(a), and in Figure 17(b) we display the resulting advection results, 
clearly showing a coherent structure precisely in the region where the folds 
intersect the initial rectangle. 

To summarize, our recipe is to create — or conversely to destroy — coherent 
structures by moving horseshoe folds. Three properties are required to make 
a coherent structure in this way: 

1. The structure must possess a periodic point, so that points in a given 
region return to that region, 

2. The structure must contain a fold, so that the points are not drawn out of 
the region, and 

3. The fold must be sufficiently compact and close to the periodic point that 
the underlying stretching is effectively defeated. 

Thus we can use the idea of moving horseshoe folds as a tool to create 
coherent structures in spatially chaotic fluid flows. By reversing the process 
and moving folds away, we can destroy existing structures as well. Three facts 

^ Now we rotate the outer cylinder by —32°, the inner by —1080°, the outer by 
—170°, and finally the inner again by —1080°. 
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(a) 




Fig. 17. (a) ‘z’ shaped horseshoe between eccentric cyhnders rotated according to 
new protocol. There is now overlap between original rectangle of marker particles 
and folds of horseshoe, (b) Resulting advection of small blobs of markers after 14 
rotation cycles: blob placed outside of coherent structure is stretched chaotically; 
blob placed within structure remains trapped despite stretching and folding. 



deserve emphasis. 

First, the analysis that we have presented has been based entirely on 
global arguments. No amount of local analysis — ^for example aronnd P* in 
Figure 16 or 17— will tell us anything whatsoever about the global behavior 
in the surrounding structure. The behavior of folds, for example, does not 
depend on the local behavior in the interior of the horseshoe — we saw this in 
the tent map example, where we could make the interior dynamics within a 
coherent region anything we wanted — ^for example an attractive fixed point — 
without affecting the barrier to mixing between regions. We saw this again in 
the standard map, where the stretching rate was 5 within a coherent region, 
and we see this once more in our chaotic fluid flow example by examining the 
structure shown in Figure 17(b). This structure contains two elhptic islands 
surrounding a hyperbohc point. The h3rperbohc point is actually the remnant 
of P*, which was hyperbohc before the creation of the coherent structure as 
well as after. That is, we can keep this point hyperbolic and create, destroy 
or modify the surrounding structure in the ways that we have described 
without changing the underlying local character of the central point. Local 
expansions can teU us many useful things, but only about local behavior. 
Only by global analysis — ^in this case of the surrounding folds — can we hope 
to understand global features of fluid behavior. It is these global features 
that dictate important structural features which can dominate complex flow 
dynamics. 

Second, in a real experiment with only an approximate model, the struc- 
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ture may not appear or vanish precisely at the parameter values that we 
predict, but if a suitable fold can be moved by adjusting a parameter, then 
we expect that at some parameter value, a coherent structure can indeed be 
created or destroyed (Bresler et al., 1997). It is important here to be clear. 
That is, using the caricature of the horseshoe map, we cannot possibly hope 
to create as complete or detailed picture of a given problem as is possible 
using more sophisticated methods. For example, if we try to calculate the 
precise amount by which we should change a parameter in order to create 
or destroy a given structure in a particular problem, the parameter value 
isn’t going to be exact, but if we construct our map properly, the topological 
structure of the problem should be quahtatively correct. More importantly, 
by using the simple caricature provided by horseshoe maps, we can quickly 
and accurately identify what kinds of structures are achievable, and how — 
and to what extent — ^they can be controlled. And most fundamentally, we 
can understand what underlying mechanisms keep them intact in the first 
place. 

Third, it is surprising that the mere existence of a suitable fold is sufficient 
to imply the possibility of coherence. This is not obvious. We wouldn’t think 
that the mere fact that a system is chaotic — i.e. that it has horseshoe folds — 
could teU us very much at all. But in reahty, this fact alone tells us both 
how coherent structures can be created and where. More than this, we have 
learned that coherence should not be viewed as an aberration in chaotic 
flows. Coherence is not simply an alternative to chaos; rather, coherence can 
be caused by chaos. 

4 Prognostication 

Since Heisenberg’s time, we have learned a great deal about apphcations of 
simple dynamical tools. While we cannot today say that we have uncovered 
the secrets of turbulence, we can fairly say that we have made a start at a 
better understanding of structural features of complex systems which can be 
exploited for the purposes of control. It is crucial here to stress that it was 
only knowledge of the structures of the systems which we have described that 
made control possible. 

— It was knowledge of the structiue of chaotic stretching that permitted us 
to achieve a billion-fold improvement in the time to reach a target using 
simple shooting techniques. 

— It was knowledge of the hyperbohc structure of dissipative chaotic sys- 
tems that allowed us to achieve targeting in higher-dimensional chaotic 
systems. 

— And it was knowledge of the topology of horseshoes in conservative dy- 
namical systems which allowed us to predictably manipulate coherent 
structures in a spatially chaotic sea. 
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The essential challenge for the field in the decades to come is to de- 
termine whether or how spatially and temporally chaotic problems can be 
controlled or manipulated as well. Here again, progress in the control of tur- 
bulent systems can only occur through an understanding of the structure of 
these problems. 

Progress to date in this field aheady shows the importance of structure: 
a number of authors have been able to find systems whose apparent dimen- 
sion is high or infinite, but whose actual dynamics five in a controllable, 
low-dimensional subspace. Anyone who is familiar with Proper Orthogonal 
Decomposition knows what I am talking about. The real challenge for the 
fiiture is not, however, to ask when or how an existing low-dimensional prob- 
lem can be controlled; the real challenge is to ask why the dynamics are low 
dimensional in the first place. Without low-dimensional dynamics, unless we 
plan to invest astronomical resources fiddling with the dynamics on every 
possible length and time scale, the control of turbulent dynamics ought to 
be out of the question. Ought, except for one bit of magic that we have no 
rational reason for expecting. And that is the presence, the persistence and 
the prevalence of low-dimensional coherent structures in biology; in physics; 
in chemistry — ^in virtually every single discipline that we know of. 

The understanding of the origin and structure of low-dimensional dynam- 
ics within infinite-dimensional, turbulent systems is a big problem. It is not 
going to be solved overnight. We have no reason to expect low-dimensional 
dynamics in high-dimensional problems. The phenomenon is based on no 
physical principles that we know of; we have no right to it. But the fact that 
these structures do exist and that they are prevalent leads to hope. Without 
this kind of behavior, we surely have no hope for control. 
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